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Figure 5.44: Comparison of the radi al build between IDLT reactor and Ad­
vance IDLT reactor. The cross sec ti on of the TF co il is also 
shown. 

Chapter 6 

Discussion and conclusion for IDLT 
reactor 

The pulse length of IDLT reactor is very long compared with the dwe ll time. There fore, 

the operation could be called quas i-steady-state operation. At first, the rati onale of lDLT 

reactor is descri bed, then the meri ts and the demeri ts of the pul sed reactor and the steady­

state reactor are general ly li sted. 

6.1 Rationale of IDLT reactor 

The pulsed reactor has two major di sadvantage in compared with the steady-state reac-

tor. 

• The thennal and the mechan ical fa tigue o f structural materi als caused by the re-

peated operation could be occur. 

• The electric power output of pulsed reactor is not constant, the pulsed reactor to the 

power supply network could not be adaptable. 

Such problems of the pulsed reactor are associated with the period of a fl attop time of 

the operation and the operation cycles. These problems are di scussed and the rationale of 

pulsed reactor from the viewpoint of the plant efficiency is also discussed [110]. 
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6.1.1 The occurrence of thermal and mechanical fatigue 

One of the most important miss ion of the next-step DT tokamak experimental reac tor is 

the ach ievement of the self-ignition and the establi shment of the technique for controlling 

the burning plasma. To achieve the self-ignition, the high field tokamak [Ill] with the 

normal conductor and whose pulse length is abo ut I 0 seconds has advan tageous for it s 

lower construction costs. The reality of the fusion reactor consisting of small high field 

tokamak operated intermittently is doubtful , because the structural materials cannot stand 

for the repeated the thern1al and the mechanical stress. And the most engineering of small 

high field tokamak does not link to the engineering of the practical fusion reactor which 

generate a few GW thermal fusion ou tput. For thi s reason, the trategy tak ing the small 

high field tokamak path is judged to be unfavorable. To demonstrate only some feature of 

the fusion plant, for example, the engineering, the safety and so on, the construct ion of a 

non ignited pilot fusion plant might be taken into the consideration. Different from such 

the pilot plant concept, the long pulsed tokamak, IDLT reactor, with the superconducting 

coil system like ITER is discussed in this thesis. 

The operation cycle of the pulsed reactor is defined by the permissible stress of the 

materials standing for the repeated operation. The necessary pulse length depends on 

the lifetime and the availability of the reactor. Figure 6.1 shows the dependence of the 

permissible value of the mechanical stress of STARFIRE toroidal coi ls on the operati on 

cycles calculated as a function of the length of an initial crack on the materials ( 11 2]. The 

direction of the force on the toroidal coil changes as the directions of the plasma current 

and the vertical field (equilibrium field ) coils change. The applied stress on the toroidal 

coils is smaller when the plasma current flows in both direction alternately compared with 

the case that if it flows always in one directions. The top horizontal axis of Fig. 6.1 shows 

the case that the plasma current flows in both direction and the center solenoid coil (CS 

coil) swing is full. This is the most severe case. The second horizontal axis corresponds 
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to the case that the plasma current flows in one direction and the CS coil swing is full. The 

third axis shows the case that the plasma current flows in one direction, and the induction 

coil swing is half but complemented by the RF current drive. The stress on a vacuum vessel 

and a shear panel are al so considered in the same references. Results of the calculation 

shows that the materials can put up with about a few ten thousands of repeated operations. 

Permissible operation cycles can be increased by the additional supporting structure, but 

it causes cost increase. 

If the operation cycles is taken 20,000 ~ 30,000 and to operate the fusion power plant 

for 30 years with 75% of the avai labi lity is assumed, the necessary pulse length is about 7 

~ I 0 hours . Plasma major radius which ensures the flux swing of the current transformer 

necessary for such several hours of the pulse length is about I 0 m if the max imum field of 

13 T and the fl ow of the bootstrap current in the plasma are assumed. 

The dwell time should be short enough to prevent the significant drop of the temperature 

in the blanket, the plasma facing components, the turbine generator, and so on, while it 

should be long enough to perfom1 start up and shut down of the tokamak suffi ciently. The 

start up and shut down time of the typical pulsed reactor is shorter than 10 minutes [98] . 

Thereby, the pulsed tokamak reactor is operated for about I 0 hours and suspended about 

10 minutes in one cycle of operation. The availability of such a pulsed reactor is as high as 

that of the steady-state reactor, because its dwell time is much shorter than the operation 

time. 

6.1.2 Adaptability of the power supply network 

The demand for the electric power changes with seasons of the year and with hours on a 

day. Figure 6.2 shows the typical daily changes of the electric power supplied by the Tokyo 

Electric Power Company (TEPCO) for a summer day [1 13]. The peak power supplied on 

the spring day is about 70% of one of the summer day, while the power supplied during the 
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night and the power supply patterns are same for both seasons. The difference between 

supplied powers in the daytime and during the night are quite large, that is ~so GW versus 

25 GW. The base load electric power is supplied by the nuclear power plant , the thermal 

power plant, and the hydraulic power plant. The fluctuating load is supplied by the thennal 

power plant and the pumped hydraulic power plant. Especially, the thern1al power plant 

is operated in DSS (Dai ly Start up and Shut down) mode. 

In the above power supply patterns, it should be noticed that the shut down of 1 ~ 2 GW 

power plant i nothing but small perturbation and negligible. Actually, the thennal power 

plant is designed so as that it proofs against the sudden cessation caused by some accident 

such as thunder, and its performance is examined by the periodic inspection which is car­

ried out once a year. This means that the present power plant sys tem might be appli cable 

to pulsed fusion plant , where shut down takes place regularl y once or twice in a day. On 

that occasion, the valve through which vapor is supplied to the turbine generator clo es 

in about one second after triggering, then the turbine blade house is kept nearly vacuum 

pressure. Although t11e rotation speed of the turbine generator drops from 3,000 r.p.m. to 

2,000 r.p.m. as the time goes on, the influence of the rotation speed on the restart of that 

generator is quite small. Hot vapor can be supplied to the turbine blades from another 

power plants to keep their temperature, if necessary. In the case of pulsed fusion reactor, 

several kinds of the energy storage system are available [56, 114) . When a 1 GW power 

plant shutdowns suddenly, the frequency of the power supply network decreases slightly. 

This frequency drop, however, recovers by the action of an automatic frequency control 

system. Presently, the thermal power plant with the maximum output power of 1 GW is 

being operated. The optimum output power of the newly constructed the power plant is 

about 3 ~ 5% of the maximum network power supply. In the case of Fig. 6.2, the maxi ­

mum network power is about 50 GW and the optimum output power of the future power 

plant is around I ~ 2 GW. Thereby, 2 ~ 3 GW of the output power might be set for the 
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fusion reactor, if its construction is technically amenable. 

From the circumstances discussed above, it is obvious that the IDLT reactor with 

GW output which is repeatedly operated with the pulse length of several hours and dwell 

time of about I 0 minutes is adaptable to the present power supply network. The loss of 

the electric power due to the suspension of the IDLT reactor is complemented by another 

power plant connected to the network, and hence the energy storage sys tem which has 

been considered so far is not necessary. 

6.1.3 Plant efficiency 

In this section, a plant efficiency is compared between the pulsed reactor and the steady-

state reactor. Fusion reactor is the energy multiplier as shown by the power flow chart in 

Fig. 6.3, where Pi is the input power to the core plasma, Pr is the fusion power output 

from the core plasma which consists of the alpha particle power P0 (= Pr/5) in the case of 

DT reactor, and t11e total thern1al power output from the divertor, the first wall, the blanket, 

and so forth. Also Pe . Pnet• Pcir> Pd. and Paux are the gross electrical power output from 

the turbine generator, the net electrical power from the fusion power plant, the circulation 

power in the plant, the power for driving the core plasma, and the auxil iary power used for 

the ancillary devices such as cooling water pumps, respectively . • \!, 7Jd , 1Je , and E are the 

multiplication factor of a neutron energy in the blanket, the power conversion efficiency of 

the current drive sys tem and t11e heating system, the thermal power to the electrical power 

conversion efficiency of the turbine generator, and the circulation power fraction of the 

gross electrical power output, respectively. 

The energy gain of the core plasma is given by 

(6.1) 

The plant efficiency 1J of the power plant is defined as the ratio of the net electrical power 

output to the thern1al power output from the reactor system and calculated from Fig. 6.3 
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as 

Pnet Pcir 
1) = P, = 7)e - R = 1Je - Q!] (I + 4M I ) 

th th d --- + -
5 Q 

Paux 
pth . 

(6.2) 

The plant efficiency 17 approaches to 7/e as the efficiency of the power plant increases 

and the plant efficiency higher than 0.3 is necessary from the economical point of view. 

From Eq. (6.2) the circulation power sufficiently smaller than the themml power output is 

required. The plant efficiencies of the them1al power plant and the nuclear power plant arc 

approximately 0.4 and 0.35. In the case of the fusion power plant, increase of the power 

plant becomes difficult if high circulation power is required for the plasma current drive 

or heating. 

The energy multiplication factor i\J of the blanket is I ~ 1.4 for the case of DT fusion 

power plant. The auxiliary power Paux of the I GW net elec trical output power plant 

might be similar to that of the nuclear power output with the same sca le, and is estimated 

to be about 100 MW. Since the thennal power output Pth in thi s case is about 3 GW, then 

Paux/ Pth in ri ght hand side of Eq. 6.2 is about 0.03. 

In order to achieve high plant efficiency, high values for the energy gain Q and the en­

ergy conversion efficiency 1Jd are required. For example, in the conceptual design studies 

of the steady-state tokamak reactors with non-inductive current drive [9, 64, 65], 7)d of 

0.5 ~ 0.6 and Q of 30 ~ 50 are assumed. While in the case of the inductively driven 

pulsed reactors, 1Jd > 0.9 and Q > 1000. Although the pulsed reactor looks like advan­

tageous, the difference between plant efficiencies of the steady-state power plant and the 

pulsed power plant is small, because the plant efficiency approached a constant value if the 

sufficient amount of Q is attained. Figure 6.4 shows the plani efficiency of fusion reactor, 

which x axis is shown Q and y axis is shown 1Jd· In thi s figure , the region of steady-state 

reactor shows Q ~ 50 and 1Jd ~ 0.5, on the other hand , the region of pulsed reactor shows 

Q ~ 1000 and 1Jd ~ 0.9. However, if the current drive efficiency is small in the parameter 

regime of the burning plasma, the injection of large current drive power is necessary for 

201 

driving the same plasma current, and the difference between both types of reactors is not 

small. In such a case, in the right of Eq. (6.2), the factor I /Q = Pdf Pr increases and the 

plant efficiency decreases . The stea\ly-state reactor requires the development of the high 

efficiency current drive system , but the pulsed reactor does not. 

The construction of the pulsed reactor is apparently simple compared with the steady­

state reactor, since it does not utili ze the complex _current drive system wi th the steady­

state operation. Thereby the pulsed reactor is advantageous from the viewpoint of the 

construction and the economy. In the design study of the steady-state reactor, a highly 

stable and re li able curren t drive system is necessarily ass umed and the R&D of the current 

drive system should be completed before the realizati on of the steady-state fusion reactor. 

If the plasma vo lume larger than presently ass umed is necessary for the confinement of the 

burning plasmas, scale up of the current drive system is necessary. The scale of the current 

drive system approaches that of the tokamak itself. The pulsed tokamak reactor requires 

also the plasma heating system for ignition at the plasma star1 up and avoidance of the 

instabi lity at the plasma shut down. But the steady-state plasma heating is not necessary 

and the present level of technology is sufficient for these devices. 

There are several non-inducti ve current drive technique, such as the injection of beams 

of high energy neutra l particles and the radio waves at various frequencies, including fast 

waves, lower hybrid waves, and electron cyclotron waves. The current Ico. that can 

be driven non-inductively is usually detennined from the efficiency of the current drive 

technique, defied as 

(6.3) 

where Pco is the power launched into the tokamak and available for current drive [ 115 , 

116). 

Figure 6.5 shows the demonstrated efficiency I'D and the extrapolated efficiency 1E for 

each of the current drive techniques and the lines of constant efficiency 1 [116] . On the 
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right-hand ordinate of this figure is shown the launched power required for 18 MA of 

non-inductive current drive in a tokamak with the major radius R = 8 m. It will be noted 

that the lower hybrid current drive alone has demonstrated an e ffi ciency as high as the 

extrapolated efficiency, but on ly at low density. At the higher density required in a reactor 

core, only fast wave current drive offers potenti al, but so far thi s technique has not been 

demonstrated . 

Concentration of high flux heat load of divertor plate is one of the main issues to be 

resolved urgentl y. The inductively driven reac tor is advan tageous again because the heat 

load is smaller if the input power to the plasma P; is smaller than the steady-state tokamak 

reactor. 

6.1.4 Summary 

IDLT reactor is compared with the steady-state reactor in this section. 

• The pulsed reactor has two major problems when compared with the steady-state 

reactor, that is, thennal and structural fatigue for repu tati on. and the adjustment 

between pulsed reactor output and power lines . IDLT reactor avoids these problems 

by prolonging the operation time to several hours . 

• The pulsed reactor might be constructed wi thin the modern technology and does not 

wai t the research and the development of the non-inducti ve current dev ice. 

• The pulsed reactor is advanced from the viewpoint of the plant efficiency. The plant 

efficiency of the pulsed reactor can be higher than that of the steady-state reactor. 

6.2 The merits and the demerits of the pulsed reactor and 
steady-state reactor 

The meri ts and the demerits of the pulsed reac tor and the steady-state reactor are gen­

erally li sted in thi s section [ 117]. 
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6.2.1 The merits and the demerits of the pulsed reactor 

The meri ts of the pulsed reactor are foll owing: 

• Q =?thermal/ ?injection is very large, and recirculating power could be small. 

o Non-inducti ve curren t is still needed, howeve r, its spec can be reali zed by the state­

of-art of technology or a little ex trapolation with R&D. There is no need for the 

steady-state injection. 

o The reactor which has the proper performance can be designed with the conventional 

ITER physics database. If more advanced physics and technology is assumed, the 

perfonnance of the reactor wou ld make a great step. It is not necessary to innovate 

on the technology for the pulsed reactor. 

• The load-followi ng operation could be possible. 

The demerits of the pulsed reac tor are following : 

o The electronic outpu t from the reactor is varied for the time. It is, however, ques­

tionable that it is real ly the demerit in the power network, such as Japan. 

• If the energy reserver for compensating the dwell time is needed, that is disadvan­

tageous to the pulsed reactor from the viewpoint of the cos t. The cost of the energy 

reserver might be larger than the cost of non-inducti ve ly current drive system. The 

reliability of the energy reserver is, however, much larger than that of RF (radio 

frequency) heating or NBI (neutral beam injection) dev ice, therefore , it could not 

be selected eas il y which is better. 

o The estimati on of the fatigue by the cycle stress is very complicatedly. However, it 

is poss ible and it is not fatal for the designing the pu lsed reactor. 

6.2.2 The merits and the demerits of the steady-state reactor 

The merits of the steady-state reactor are following: 

o The electrical output is consta nt for the time. 
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• The reduction of the number of cyclic stress which introduce the indefiniteness to 

the reactor design . 

• It might be advantage by the disruption control. 

The demerits of the steady-state reactor are following: 

• The electrical output is constant for the reactor. 

The operation regime is restri ct by the parameters for optimizing the efficiency of 

the non-inductive current drive and the bootstrap current ratio. The load-following 

operation could not be possible. lt might be possible if the efficiency of current 

drive is improved several times. 

• The electrical power which is larger than I 0% of e lectrical output of the reactor 

should constantly recirculate for RF and/or NBI device. It is the problem on the 

system reliability although Q value is large or not. 

NBI and RF, however, might be used for the feed-back control of the plasma. 

• Q value (PthermaJI ?injection) is generally smaller than the pulsed reactor. It cannot 

follow up although the improvement of the efficiency of the non-inductive current 

driven would be occur. 

6.2.3 Conclusion 

It seems to no reason that the steady-state reactor is superior to the pulse reactor by the 

present condition. Therefore, it must be selected on the cost and the reliability whether 

the pulsed reactor or steady-state reactor. 

To validation of the reliability by the pulsed reactor, it must be shown the stable oper­

ation (discharge) by the inductive current. It will be shown that by the ITER. To valida­

tion of the reliability by the steady-state reactor, it must be shown the stable continuous 

operation by the high power non-inductive current drive. lt must be shown that by the 

experiment by using MeV class NBl and/or fast wave current drive. It is also necessary 
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to prove the stable operation by the current profile control with it. 
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Chapter 7 

Conclusion 

7.1 Discussion 

7.1.1 Rough cost estimation by the plasma cross section. 

The cross section of ITER (EDA), JOLT Reactors, YNS and Steady-Sate Tokamak Re­

actor (SSTR) proposed by Japan Atomic Energy Research Institute (JAERI) are shown 

in Fig. 7. 1. Volumetric eu tron Source (VNS) is di scussed in Appendix A. The size of 

plasma cross section has a relation to the cost. 

The size of JOLT DEMO reactor is nearly same as that of ITER EDA although the wall 

loading of DEMO reactor is lower than that of ITER. The cost of IDLT DEMO reactor 

might be same as ITER. 

IDLT commercial reactor is smaller than IDLT DEMO reactor, but is larger than SSTR. 

The cost of IDLT commercial reactor might be higher than that of SSTR. If advanced 

physics such as YH-mode i adapted, the major radius is nearly same as SSTR; The cost 

of Advanced JOLT reactor is approximately same as SSTR. 

7.1.2 Route of the fusion developments 

The reasonable route for the fusion development with YNS and IDLT reactors is de­

scribed the fo llowing list and Fig. 7.2. This is another way instead of the direct develop­

ment of the steady-state commercial reactor. 
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I. Inductively current driven DEMO reactor (low beta/low output fusion power) would 

be build at first for the earl y reali zati on because no large R&D is needed. The oper­

ating is pulsed operation (i.e . IDLT DEMO reactor). The high power output could 

be operate with the improvement of the materi al from the results of the material 

development (i .e. ITER, IFMIF, YNS, and so on). 

2. The commercial reactor could operate on the ex trapolation of the DEMO reactor 

and it could produce the commercial electrical output (i .e. IDLT reactor). 

3. After the confirma tion of the high performance of the plasma and it s safety, the 

steady-state reactor wo uld be operated (i.g. SSTR, ARI ES). 

This route looks like making a detour, however, the step-by-step developments make the 

ri sk low and make the confirmation of the safety more ri gid. The tota l cos t of thi s fusion 

development route might be lower than that of the direct development route which needs 

the large R&D such as non-inductive cu rrent drive, conceivably. 

7.2 Conclusion 

• Zero-dimensional sys tem code is developed for checking the parameter fas t whethe r 

they are valid or not. 

• The series of Inducti vely Dri ven Long pulsed Tokamak (JOLT) reactor are proposed 

for earl y reali zing DEMO and the commercial reactor after Internati onal Thennonu­

clear Experimenta l Reactor (ITER). 

• In the IDLT reactor, DEMO reactor and the commercial reactor have been des igned 

with zero-dimensional anal ys is. The operating scenario of DEMO reactor and the 

commercial reac tor have made from the viewpoint of the plas ma eq ui valence and 

the poloidal fi eld coil system. The advanced physics make the major radius of the 

commercial reac tor smal l from 10m to 7.5 m, although the pe rformance of the 

reactor is same as the commercial reactor. 
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In conclusion, the pulsed reactor has been designed as same as the level of the steady­

state reactor without the fatal problem. 
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Figure 7.1: Cross section of ITER (EDA), IDLT Reac tors, VNS and SSTR. 
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Part V 

Appendix 



Appendix A 

Volumetric Neutron Source 

A.l Introduction 

A.l.l Requirements of the neutron radiative device 

International Thermonuclear Experimental Reactor (ITER) is now in Engineering De­

sign Activity (EDA) and will be started to construct from 1998. The object of ITER is 

complete the demonstration the scientific feasibility of fusion by achieving controlled and 

sustained fusion burn for some 1000s and to contribute to the development of technolo­

gies needed for a fusion reactor. Basic Performance Phase (BPP) is mainly operated for 

the plasma physics for the first decade of operation. In the Enhanced Performance Phase 

(EPP) proceeded BPP, the neutron flux is up to I MW/m2 and total fluence is I ~ 3 MW 

a/m2 for test the blanket and the material. This fluence, however, would be too low to 

choose the adaptive material for DEMO reactor. 

To compensate the low neutron flux on ITER, several types of neutron irradiative de­

vices are proposed for testing the material for the next generation reactor; non-neutron test 

stands, fission reactors, accelerator-based neutron sources, fusion reactors [I 18]. 
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A.1.2 The merit and the demerit of neutron irradiation devices 

Non-neutron test stands 

Non-neutron test stands is used in the area of basic property data , single-effect ex peri ­

ments for which the neutron field is not important. It can tes t the blanket under the high 

toroidal magnetic field and can investigate the MHO activity of the blanket. The feas ibil -

ity of the blanket concepts cannot be estimated in the fusion environment. on-neutron 

test stands are useful in reducing the large costs and risks assoc iated with future test in the 

fusion environment. 

Fission reactors 

Fiss ion reactors provide neutrons in the limited volume and suited to the material ex­

periments. For example, HFIR and EBR-!1 are in the USA, JRR-2 is in Japan. The merit 

for using fission reactors is reliability. Most serious demerit i the small test volume, the re 

is no fission reactor operating now in the world that can provide a test location wi th 15 

em to I MWa/m2 Non-fusion environment make the experiments such as the magnetic 

force and the mechanical force very difficult. Another problem is the difference between 

fi ssion reac tor and fusion reactor by the neutron and secondary 1 -ray spectra. The material 

test needs the 14 MeV neutron to simulate the fusion environment , however, the fission 

reactors can produce only under 2 MeV neutrons. Fission reactors is useful , for example, 

a unit release behavior. 

Accelerator-based neutron sources 

Accelerator-based neutron sources produce 14 MeV neutrons in a small volume that 

they are normally called "point neutron source". The neutron spectra is correct fusion 

spectra but very low neutron flux. An example DT point neutron source is the FNS facility 

in Japan [1 1 9]. FNS provides a neutron flux several orders of magnitude lower the present 
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plasma physics device. The neutron yield is 5 x 10 12 n/s, TFTR could provide 2 x 1018 

neutron per shot. 

Other proposal for accelerator-based neutron sources have been made. the most promi­

nent is a proposal for a (D, Li) source which neutrons are produces by bombarding a 

flowing lithium target with high energy (about 40 MeV) deuterium. One of them is the 

International Fusion Materi al Irradiati on Facility (IFMIF) [120]. IFMIF is now studied 

by an international activity under the auspices of the International Energy Agency (lEA). 

The studies indicate a volume of abou t 0.5 Lis required in a region producing a 2 MW /m2 

neutron flu x or greater and a fraction of this volume, about 0.1 L wou ld be avai lable at a 

5 MW/m2 neutron flu x. But these vo lume is not enough to test the fusion reactor module, 

such as the blanket. 

Fusion reactors 

Fusion plasma devices produce 14 MeV D-T fusion neutrons, and the irradiation of the 

large size test material i possible, so called "volumetric neutron source" (VNS). There 

are many type of VNS, mirror confinement [121] , Z-pinch, plasma focus , reversal-field­

pinch, ultra-low-q tokamak [122, 123]. spherical torus [124] and two component-torus 

(TCT) plasmas. These have been proposed and feas ibility study has been carried out. The 

R&D issues on plasma physics and fusion technology, however, should be solved for these 

devices. 

A Tokamak device is a prominent candidate for VNS. The plasma physics of tokamak 

plasma has been studied during the past decades, we now can extrapolate the database to 

an ignition device regime wi th high reliability such as ITER.ln the past , the neutron source 

based on tokamak plasma ( 125] was proposed where plasma parameters extrapolated from 

the database of the supershot in the Tokamak Fusion Test Reactor (TFTR) [126]. Recently, 

two distinct designs have been promoted; one is a small device (R < 2m) with copper con-
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ductor, and another is a medium-size device (R < 4m) with a super-conductor [127, 128]. 

In the former case the tritium consumption is I ~ 2 kg/year, which could be supplied by 

external tritium facility. The demand power for normal conductor, however, is estimated 

to be a few hundreds MW. In the latter case the plasma volume is so large that the breeding 

blanket is required for the tritium of a few kg or more. This situation for the nece sit y of 

breeding blanket is quite similar to that of ITER-EPP. 

A.1.3 Design principle for VNS 

A V S designed in this thesis has some criteri a [1 29, 130]. It is based on the toka­

mak plasma, aspect rati o A is to be 2.5 ~ 7 for the hi gh reli ability. The phys ical and the 

engineering parameters employs in the ITER Conceptual Des ign Activit y (CDA), Engi­

neering Des ign Acti vity (EDA) des ign and its reasonable ex tension. The pl asma size is 

smaller than ignition device because the pl as ma is subignited and co ntinuous heated by t11e 

auxiliary heating power. Auxiliary heating power is also used current dri ve power. The 

advanced plasma study also can be done with this auxi liary heating power by the current 

profile control such as the reversed shear profile. 

The flux ofVNS might be largerthan ~ I MW/m2 . The flu x of DEMO reactor is 2 ~ 3 

MW/m2, the fluence for test material needs~ 10 MW·yr/m2 or more during the plant 

life. Therefore, the steady-state neutron source of 0 .5 ~ I MW /m2 might be a minimum 

criterion for the material test facility. 

Main parameters of YNS are li sted in Table A. !. Main parameters are determined from 

the physical restriction and the engineering restriction . For example, Troyon factor g = 3 

is decide from the physical consideration. Albeit it is not listed in thi s table, the shield 

thickness of 1.4 m is come from the engineering consideration [ 129] . 

The time schedule of VNS with ITER, IFMIF and IDLT reactor series is shown in 

Fig. A.l. DEMO reactor and the commercial reactor would use the material date from 
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ITER, IFMIF and YNS. If the material endured high neutron load will be found , IDLT 

DEMO reactor could operate the high power output. 

A.2 OD system analysis 

OD system code is used to exam the main parameter of YNS li sted in Table A. I. The 

code validates the parameters from the engineering aspect especially the poloidal field (PF) 

coil position and the toroidal fi eld (TF) coil pos ition. The results are shown in Fig. A.2. 

The average neutron load is 0.77 MW/m2 and the max imum neutron load is 1. 14 MW/m2
, 

which is large r than criteria! value of 1.0 MW/m2 

The pos ition of the outer TF leg is rather wide because of keeping the di stance between 

the outer leg and neutral beam injecti on (NBI) device to protect the radiation damage. 

Therefore , the TF coil ri pple on the plasma surface is very small of 0.2%. The number of 

TF coil is 16. 

The plasma is s ingle null configurati on for ex tending the divertor region. The ax is of 

plasma is moved upward about 1.0 m from the equatorial plan. 

A.3 Plasma equilibrium 

Plasma equilibrium is calculated by EQUCIR code. PF coils are stand outside of TF 

coil for easy constructi on and maintenance. The position of PF coil is decide to be the 

lowest stored energy of PF coils. 

First, the winding method for center solenoid (CS) coil is selected whether pancake 

winding or layer winding. Second, the power supply for PF coil is detennined from the 

calculation of sequence of the plasma equilibrium on the step time of the ramp-up phase. 
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A.3.1 Winding method for center solenoid coil 

The select of the CS coil winding method is analyzed at the flux supplied by the PF 

coil is zero. Figure A.3 shows the plasma equilibrium of VNS in two CS coi l winding 

method. The stored energy of layer winding is much larger than that of pancake wind ing. 

The divertor coi l also large in the case of layer wind ing. Then pancake winding is selected 

for the CS coi l winding method. 

Previous IDLT DEMO and commercial reactor arc selec t the layer wi nding. The key 

might be a ratio of the CS coil's he igh t and radius. The difference of the sto red energy 

between the pancake windi ng and the layer wi nding wou ld be large r as the rati o is larger. 

To explicate this relation , more calculations are needed. 

A.3.2 Power supply for poloidal field coil 

The PF coi l of V S is the superconducting coil , the maximum power demand is oc­

curred in the ramp-up phase described in the previous IDLT section. 

It might not necessary to shorten the dwell time as commercial reactor, because VNS 

is a steady-state reactor. We choose 25 minutes ( 1500 seconds) for the ramp- up phase. 

The variation of the plasma parameter as the function of time is shown in Fig. A.4. The 

plasma is limiter configuration for first 500 seconds, and it is change to the single null 

configuration after 500 second and keep it to fl at-top. The series of growing the plasma 

cross section is shown in Fig. A.5. The plasma is reached steady state at 1500 second. 

The power supply for PF coi l is calculated from the PF coi l current at each time step 

and the mutual inductance between the coil s and the plasma. In the case of Fig.A.4, the 

maximum demand power for PF co il is 280 MW. 
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A.4 MHD analysis 

Magnetohydrodynamics (MHD) instabi lity [131 , 132] is checked on the VNS plasma 

by the simulation codes. Kineti c instability and ba llooning mode is investigated in this 

section. We can find a pressure profile which has the critical toroidal beta (J,, that is the 

max imum (J, whi ch stables for these instabi lity. 

The pressu re profile is reali zed by the non-inductive current drive such as neutron beam 

injection ( BI) and lower hybrid resonant frequency (LHRF) heating. VNS do not use 

inductively current drive, the plasma current consists of the non-inductive curren t and the 

bootstrap current [8) . The aimed pressure prohle is accompl ished by the non-inductive 

curren t drive which is adjusted by the results of the simulation. 

Recently, the plasma wi th non-monotonic q profile, so called "reversed shear profile" 

is pointed out because of the desirable confinement [133]. VNS could give the higher 

neutron flux to the te t material when the plasma is reversed shear profile . The reversed 

shear profile is al so simulated in this section. 

A.4.1 Simulation code 

To find out the critical beta, three simulation codes, EQLAUS, ERATO [44, 45], and 

DRIVER [47] are used. The simulation here is self-consistent by these codes. 

First, an MHD equilibrium marginal ly stable against ballooning, kink, and Mercier 

modes is determined by iterative calcul ations with EQLAUS and ERATO code. Then, 

the optimized current profile j(~' ), where 11' is the magnetic flux function, the pressure 

profile p(?jJ) for the beta limit , and other equilibrium data are transferred to the neutral 

beam current drive (NBCD) analysis code DRIVER. After this, the beam power distri­

bution in the beam transmission line and the fuel ion density profile are determined by 

iterative calculations of the current drive and the total pressure. In this way it is ensured 

that j('lj;) and p('I/J), which is composed of thermal, beam and alpha particle pressure, are 
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exactly same as those used in the EQLAUS/ERATO calculations. The controllability of 

the flexible current profile by NBCD make such a current profile ta iloring poss ible. A 

beam design which is optimized to sustain the critical beta equilibrium is obtained with 

this method, and the optimi zed solution gives various fi gure of meri ts such as the current 

drive efficiency, the shinethrough, Q-va lue and others. 

DRIVER code is also includes in add ition a self-cons istent globa l power, momentum 

balance and bootstrap current calcul ations [48]. The fast ion Fokkcr-P!anck code is bounce­

average type. Therefore, the code fully includes the toroidal effect on the fast ion current 

as well as on the beam-induced electron current. The bean1 deposition is calculated by 

a three-dimensional model, which includes the exac t calculati on of the beam stopping 

cross-section enhancement due to the multi -step ion ization. 

A.4.2 Reversed shear mode 

The ordinary tokamak's q profile is monotonical increase as the plasma minor radius. 

It is come from the ohmic current mainly flows the center region of the plasma. Magnetic 

shear is defined ass= dq f dr, the ordinary tokamak's shear is positive all of the part and 

qmin is located the magnetic ax is of the plasma. 

The bootstrap current is flowed the periphery of the plasma and the off-ax is non-inducti ve 

current drive technique is use to flow the periphery current. qmin is moved from the axis 

to the periphery. Therefore, the shear becomes negative in the central part , so ca lled "re­

versed shear profile". Figure A.6 shows the ordinary q profile and the reversed shear 

mode's q profile. 

Good plasma confinement is produced by reversed shear mode [ 134]. It has been known 

for some time that reversed shear gives robust stabi lity agai nst high-n ballooning modes 

[135, 136]. If one thinks of the basic interchange drive as being tied the radial derivative 

of the flux-tube volume, f dl/ B, then the source of the ballooning drive along the outer 
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mid-plane of the tokamak can be seen to come simply from dBfdR. However, if the 

magnetic shear is negati ve, then the flux tube length , f dl, shortens with increasing R, 

which is stabili zing. The ultimate result is that ballooning modes are stable at any (J , for 

the region that magnetic shear is negat ive. 

Joint European Torus (JET) results with the pellet injection starting 1988 provided some 

of the first experimental indication of effects associated with reversal shear [137]. When 

pellets were injected early in the discharge, very high pressure gradients were observed 

in the core of the plasma as the center of the plasma re-heated. Core thermal confi nement 

improved by the factor of 2. The evidence that this was associated with reversed shear 

came from the s imulation. It takes into account the deep reduction in central temperature 

with the pellet injection and the strong bootstrap cu rren t density driven by the pressure 

gradient, which was found to be ballooning mode unstable with the usual monotonic q 

profile. 

A regime of very high central J (44%) in Dill-Dis found in 1992 [138). It was achieved 

by a ramped shaping technique, wh ich led to reversal shear, again as measured by the 

equilibrium reconstruction and location of the rational surface via MHO signals. The core 

region had also such high pressure gradients that thi s could only be explained in terms of 

the access to second stabilit y afforded by reversed shear. 

Research into reversed shear plasmas has recently been revolutionized by two new de­

velopments; the motional Stark effect (MSE) diagnostic which provides a local measure­

ment of the direction of B , and new current-ramp techniques for producing reversal shear 

reliably and controllably, if transiently. Numerous tokamak such as JET, Tokamak Fusion 

Test Reactor (TFTR), DID-O and Japan Torus-60 Upgrade (JT-60U) are now studying the 

reversed shear mode with these techniques. 
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A.4.3 Monotonic q profile case 

The Glad-Shafranov equation in a cylindrical coordinate sys tem (T , z, ¢ )is, 

- '-' T =- T--- + - = T ,,p +TT •. ,, ( a I a a2 ) 2 , , 

Dr r Dr Dz2 ' 
(A I ) 

where 'Pis a stream function. It is defined as 'P = 'P1,tf2rr , where 'l-' ,01 is a poloidal flux. 

To solve this equation, pressure function P and toroidal function T should be given. We 

use a gauss type function defined as, 

dP { >. d'P = c b, ex p(l - T ) - I } , 
dT ? I 

T d'P = c ( l - b")R0{exp( l - .r) - I} , (A .2) 

where x = ('P- 'Po)/ ('Ps- 'Po), suffix 0 and s denote the va lue at the plasma ax is and on 

the plasma surface. The three parameter, (c. b,, ,\), characteri ze the plasma equilibrium. r· 

define the value of plasma curren t, therefore, we optimize the rest two parameter to fi nd 

the critical beta. 

EQLAUS/ERATO codes can check the MHD instability such as Mercier criteri on, Bal­

looning instability, and kink instability. The wall surrounding the pl as ma is located the 

infinity, and we check the n = I kink instability, where 11 is the toroidal number. The 

results is shown in Fig. A.7. The critical beta is 2.57 (normalized beta, also known as 

Toroyon coefficient, fJN = 2.64). The plasma equilibrium, the current profile, the pressure 

profi le and others are show in Fig. A.8. The q profile is monotonical increase. 

Next, we use DRIVER code to realize the current and the pressure profile de termined 

above calculations by the non-inductive current drive, such as BCD. Figure A.9 shows 

the results. NBI of 1.0 MeV and 60 MW is enough to produce the objective profile. We 

can denote the difference of the center of q profile, however, it is come from the flaw of 

the code. The bootstrap current ratio is 54 % and the neutron wall loading is 1.1 MW/m2 

as listed in Table. A.2. 
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A.4.4 Reversed shear profile case 

More freedom degree for the equilibrium is needed for making the reversed shear q 

profi le than previous monotonic q profile case to find the critical (3. We used 8 parameter 

type func tion for P and T defined as, 

dT 
T d'P = c ~(I- x1' ){t3 +(I- t3)x1'}- ~P'. 

(A.3) 

The result which beta is critical for MHD instability by EQLAUS/ERATO codes is shown 

in Fig. A.! 0. The wall surroundi ng the plasma is located as b/ a = 1.3. The plasma is 

stable to the kink modes with n = I. 2 . 3. This result is consist with Ref. [139], modeling 

the Dill-D 's reversed shear plasma. The criti cal beta is 3.04 (/],y = 3. 13) in this calculation. 

The necessary non-inducti ve current drive power is calculated by DR IVER code and 

the result is shown in Fig. A. II. The BI of 55 MW, 1.0 MeV is enough to produce the 

objective profile, but mai nl y the non-inducti ve current flow the surrounding region. When 

LHRF could use for its current , Bl decrease to 10 MW, 1.0 Me V and LHRF of 15 MW 

which is supported the periphery current. If Bl energy is decreasing from 1.0 MeV to 

0.55 MeV, then the demand Bl power is 24.5 MW as shown in Fig. A.12. The bootstrap 

current ratio is 77% and the neutron wall loading is 1.3 MW/rn2 1isted in Table. A.2. These 

value are larger than that of standard q profi I e . 

A.S Summary 

Volumetric neutron source (VNS) has been designed by OD system design code, and it 

has confirmed that the maximum of neutron wall loading is higher than I MW/m2 • 

From the view point of plasma equilibrium, the pancake winding is better than the layer 

winding for the center solenoid coil of VNS. The demand power of poloidal fie ld system 

is about 200 MW. 
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The maximum (J values were derived by MHD stability analysis with ERATO code, 

2.8% for the monotonic q profile and 3.8% for the reversed shear profile. The appropri -

ate auxiliary heating power which is the neutral beam injection (NBI) with 60 MW was 

derived by DRIVER code for realizing the proper current distribution of the monotonic 

q profile. In the case of the reversed shear profile, the 20% higher neutron nux wall was 

derived than the monotonic q profile one. The power of 81 for the reversed shear profile 

would be reduced from 55.0MW (beam energy is I.OMeV) to 24.5MW (0.55MeV) if the 

lower hybrid resonant frequency heating (LHRF) with 14.7MW were used . 
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Table A. I: Major parameter of ITER EDA, !DLT, and VNS. 

ITER IDLT VNS 

(EDA) 

plasma major radius R [m] 8.14 10.0 4.5 

plasma minor radius a [m] 2.80 1.87 1.0 

aspect ration A 2.91 5.35 4.5 

elongation n 1.6 1.85 1.8 

triangulation 6 0.25 0.4 0.24 

plasma volume \ 'p [m3] 2016 1277 160 

plasma current fp [MA] 21 13.9 5.6 

plasma temperature T [keY] 10.5 15 12 

plasma density 11 [I 020m- 3] 1.3 1.24 1.2 

maximum toroidal fil ed Bt [T] 12.5 12 12.5 

auxiliary power Paux [MW] 100 40 70 

fusion output Pr [MW] 1500 2700 270 

pulse length IOOOsec. ~ !Ohrs. steady-state 
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Figure A.1: Time schedule of ITER, YNS, and IDLT series . 
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Appendix B 

Proposal of the new system code 

B.l Introduction 

The physical .tnt! th · cnginccrin: p.trameteh arc su rvc)Ccl for find1ng the optin11t.ed 

parameter set when the fusion reactor is des1gnecl. The fusion reactor is simulated as a 

simple model or a sophisticate moJcllnr the parameter sun·e\. The calculation, ho"e'er. 

is complicated on C\Cn the simple n111dcl case. \\'c use a spcciali!ed code for each tieL!. 

such 'IS, P1 .1.<ma Ol'cntiOll CO'\ tor I POPCO'\ 1 plot. ramp-up of the plasma. plasma equi-

Jihrium. pi '"na 1 ansp •rt. m.tgnctlc field of the coil. neutron shield in\! . and so on. The 

demerits of this -;~yk .tr.: ,,,Jill\\ tnl!: 

o The formal of the data 1nput .md output is not unify . 

o The input and the' nutput data is handled by the manual between the codes. not 

automatic. 

o T he optimit.ation of the parameter be tween the codes is not cas) work. 

To reduce such a comple~it). the someS) stem code are developed and widely used in the 

fusion community. 

The hi gh-d imenstonal precision model make the sys tem code so large that it is difficult 

to modify and add the model from the new knowledge. The restri ction comes primary 

from the programming language. To overcome the limi tation we propose the sys tem code 

fo r the tokamak fusion reactor by the object-ori ented language. The mai n feature is that 
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the modules are loosely coupled each other, the latest phys ica l and engineering model 

could flex ibly combine w ith the sys tem code. We will usc it for Inductively Dri ven Long 

pul sed Tokamak ( IDLT) rector, Volumetri c Neutron Source (YN ). and so on. 

The nex t section. section2, the concept of the object-oriented technology and the object­

oriented language. C++. are described. We will first develop the 0 dimensional (point ­

model) system code for the prototype. and then the physical and engi neering module i., 

development or use the ex isting code as the module. These modules arc first exis t on nne 

machine, then the module are di stribu ted the machines connceled the network. These arc 

explained in Section 3. The conclusion is in Section .J. 

B.2 Object-o.-iented technology 

The most existing software arc" rillcn by the pwcedural programminl! languagL'. such 

as COBOL, Fonran, and C language. The soft\\ arc IS gc11mg larger, the problems ol tho: 

extendibilily and the mannainablilt) arc often o..:curred. There lore. an ObJect ·oriented 

language whi ch has the inheritance. the information hiding. and the polymorphiSm'' nm1 

paying the atten tion. 

B.2.1 Object orient-oriented technology 

What is the object-orient technology? 

The object consist of a set of data and its operation. The object-oriented programmmg 

is made that to pass the message to the objecl. The object has a following feature. 

inheritance The object can get a character of the other objcc l. The object is hi erarchal 

classifi ed by the inheritance. 

encapsu late The information of the object is hided ( information hi ding), and cannot ac­

cess the informat ion from the ou ter-world. The information can comact only by the 

interface from the outer-world. 
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polymorphism The object acts the characteristic works when the same message was 

passed to the relati ve objec ts. 

The usual so ftware engineering is stressed one of the process, the data, the several type 

of the state, and the event. These four elements can be handled by the object-ori ented 

technology. 

In the C and the other procedura l programming languages, programming tends to be 

acti on-oriented , whereas in C++ language tends to be object-oriented. C++ is the one of 

the object-oriented programming. In C, the unit o f programming is the function. In C++, 

the unit of programming is the class from which objec ts are eventually instantiated (i.e. 

created) [ 140]. 

C programmers concentrate on writing functions. Groups of actions that perfom1 some 

common task are formed into functions, and functi ons are grouped to from programs. 

Data is certain ly important in C. but the 1·iew is that data exists primary in support of the 

ac ti ons that functions pcrfom1. The ,·erbs in a system specification help the C programmer 

detennine the set of functions that wil l work together 10 implement the sys tem. 

C++ programmer concentrate on creat ing their own user-defi ned types ca lled classes. 

Each class contains data as well as the set of functions that manipul ate the date. The data 

components of a class are called data members. The function components of a class are 

called member functi ons. Just as an instance of a bui lt - in type such a int is called a 

variable, an instance of a user-defined type (i.e. a class) is called an objecr. The focus of 

attention in C++ is on obj ects rather than functions. The nouns in a sys tem specification 

help the C++ programmer detcm1ine the set of classes from which objects wi ll be created 

that wi ll work together 10 implement the system. 

The feature of object-orient technology 

The merits 
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• The detail of the process can be hided. It help the programmer to read the code. 

• The data and its operations can be encapsulated. The improvement of the code and 

re-use is rather easy. 

• The code can be divided between the interface and the impl ementation. This can be 

help the group work . 

The demerits 

• The concept of object-oriented technique is complex . it take the time and co t for 

learning it. 

• The runtime speed is not faster than the code made b) the procedural programming. 

• The merit of object-oriented technique is exaggerated. "No silver bullet ... [ 14 1 ]. 

The example of the object-orient program in the fusion field 

One of the example of the the object-orient program in the fu,ion he ld i' g} ro-k inetic 

simulation on umeri cal Tokamak Projec t (NTP) [ l-l2- l-l4). The explanati on of NTP is 

described the following parag raph [ 145) . 

Numerical Tokamak Project A tremendous amount o f deve lopment remain before fu ­

sion can be applied to the commerciall y successful generati on of elec tri city. Future ex­

periments will be large and ex pensive, costing as much as several billions of doll ars each. 

Such machines must be designed to perform optimall y allowing the little roo m for uncer­

tainty. High-performance computing is playing a profoundl y imponant role in analyzing 

the equilibrium, the stabilit y, and the transport of all current major fusion ex periments. 

The most elusive problem of tokamak design and operati on is the anomal ous loss o f 

plasma panicles and energy. The ex periments observe turbulent fluctuations dri ven by 

collective modes of the osc illation and losses that al ways exceed the rates ca lcul ated for a 

quiescent plasma. Such collective fluctuations enhance the transport of heat in a plasma in 

251 

much the same way that fluid turbulence in ocean waves or eddies in the atmosphere en­

hance heat transport rates. An understanding of these processes and of their scaling with 

parameters as the parameters evolve is so critical to tokamak development that in 1988 

the Depanment of Energy (DOE) began a focused the study of transpon. While impres­

sive progress has been made, a key difficulty is the detailed calculation of the solution to 

plasma turbulence equation. Recent increases in the power of massively parallel comput­

ers, when combined with both advances in theory, wbich have simplified these equations, 

and improved numerical method have now made feasible a direct numerical simulation of 

the plasma turbulence. The Numerical Tokamak Project ( TP) is a U.S. effon to carry 

out this work. It comprises a consonium of researches at six national laboratories of the 

DOE and the National Aeronauti cs and Space Administration (NASA), five universities, 

the National Energy Research Supercomputer Center at Livermore, the Advanced Com­

puting Laboratory at Los Alamos, and the High Performance Computer Center at Oak 

Ridge. 

Numerical studies of the pl asma confinement in a tokamak are complicated by several 

factors. Perhaps the most imponant is the extreme range of time scales in a fusion plasma, 

extending from 10- 12 s for the fast electrons to several seconds, the time scale required 

for the plasma profile to relax to a true steady state. The fluctuations of greatest interest 

have time scales in the range of a fraction to several milliseconds. 

Great efforts have been made during the past decade to develop model equations and ap­

propriate algorithms that embody theses complex processes. Both the fluid and the particle 

approaches have been extended in the direction of each other. For example, panicle-in­

cell (PIC) methods, initially developed to exan1ine the fastest time scales in a collision less 

plasmas, have been extended into the low-frequency regime of interest by gyroaveraging, 

numerical orbit averaging, and implicit techniques. On the other hand, fluid approaches 

originally applied to describe large-scale magnetohydrodynamics phenomena have been 
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modified to include the essential kinetic affects associated with the nearly free motion of 

a plasma particle along the magnetic field. 

The NTP is adapting both approaches to provide alternative numerical treatments in a 

region where the times scales overlap (Figure B.l ). If validated in the overlap region, 

fluid models, which require many fewer degrees of freedom that PIC models, may pro­

vide a much mode efficient means of studying the transport. Comparisons of the nuid and 

PIC approaches are quantifying approximations in the forn1er and several issues related 

to the numerical precision of the latter, including how the shot noi se of individual parti­

cles affects the numerical solutions. Figure B.2 presents a chematic of advances in both 

modeling and more powerful computers that are contributing to the TP. 

The NTP plans for the future research include expanded use of ex isting and new mas­

sively parallel computers to perform additional simulat ions studying the scaling of toka­

mak turbulence wi th respect to the important phys ical parameters and more comprehen­

sive simulations wi th physics models augmen ted to include add itional physics. Of particle 

interest is the inclusion of kinetic electron, electromagneti c, and trapped-panicle effects. 

The success of the NTP in developing advanced parallel algori thms and new implicit and 

perturbative methods is providing the foundation to support the addition of new physics 

and ensure that the more comprehensive models wi ll make the best use of the avai lable 

computing resources. 

B.2.2 Object-oriented language 

C++ 

The C++ language [ 146, 147] is a general-purpose programming language that is, except 

for miner details, a superset of C. It improves on C [ 148] through its support of data 

abstraction and object-oriented programming [149]. The main influences on its des ign, in 

addition to C, were Simula67 and Algol68 (Figure. B.3). 
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C++ was first installed 1983. Today, it has several independent implementations and 

many thousands of installations. It is being used for major unive rsity research project and 

for large-scale software development in companies. It has been applied to most branches 

of programming, including banking, CAD, compiler construction, networking, scientific 

computation, and very-large-scale-integration des ign. 

C++ is di stinguished among languages that support object-oriented programming, such 

as Smalltalk, by a variety of factors; its emphasis on program structure; the flexibility of 

encapsulation mechanisms; its smooth support of a range of programming paradigms; the 

portability of C++ implementations; the run time efficiency in both time and space of C++ 

code; and its ability to run wi thout a large run-time system . 

C++ has a single, very fl exible, type system. This makes it possible to use hybrid pro­

gramming sty les withou t violating the C++ type system. It also lets you choose a style of 

programming close ly matching individual applicati on areas. 

Fortran90 

Fortran is far from being the onl y programming language available on most computers. 

In the course of time new languages have been developed, and where they were demonstra­

bly more suitable for a particular type of applicati on they have been adopted in preference 

to Fortran for that purpose [ISO]. Fortran 's superiority has always been in the area of nu­

merical , scientifi c, engineering, and technical applications, and there is still no significant 

competitor in these fields. The Fortran community has a truly vast investment in Fortran 

codes, with many programs (some of I 00,000 lines or more) in frequent use. This does 

not mean, however, that the community is necessarily completely content with the lan­

guage, and in order that it be brought properly up-to-date, the ANSI-accredited technical 

community X3J3 has once again prepared a new standard, formally known as Fortran 8x 

and now as Fortran 90. 
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As well as standardizing vender extensions, there is a need to moderni ze it in response 

to the developments in language design which have been exploited in other languages, 

such ad APL, Algol 68, Pascal, and Ada. Here, X3J3 can draw on the obvious benefits of 

concepts like data hiding. In the same vein is the need to begin to provide an alte rnative to 

dangerous storage assoc iati on, to abolish the rigidity of the outmoded source fonn , and to 

improve future on the regulari ty of the language, as well as to fo nn , and to improve further 

on the regularity of the language, as well as to increase the afety of programming in the 

language and to ti ghten the conformance requirements. To preserve the vast investment 

in Fortran 77 codes, the whole of Fortran 77 is contained as a subset. 

However unlike the prev ious standard, which resulted almost enti rely fro m an effort 

to standardize exiting practices, the new standard is much more a development of the 

language, introducing features which are new to Fortran, but are based on ex perience in 

other languages. The most signi ficant new feature are the ab il ity to handle arrays using a 

concise but powerful notati on, and the ability to define and manipu late user-defined data 

types. The first of these will lead to a simpli fication in the coding of many mathematical 

problems, and will also make Fortran a more efficient language on the new generati on of 

supercomputers as these array features are well matched to their hardware. The second 

enables programmers to express their problems in tenns of data types exactl y matched to 

their requirements. 

The new feature contained in Fortran 90 should ensure that the Fortran language will 

continue to be used successfull y for a long time to come. The fact that it contai ns the 

whole of Fortran 77 as a subset means that conversion to Fortran 90 will be as simple as 

conversion to another Fortran 77 processor. 

B.2.3 Method of software development 

The software development could be described generall y the following li st: 
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• Analysis 

• Design 

• Implement 

• Test 

"Analys is phase" is that take an informati on from the problem or the event. In object­

ori ented programming, thi s phase is the most important. The real world is convert to 

the model. "Des ign phase" is the constant the model to re fine the relati on between the 

modules. Using the design map, the model is covered to the programming language at 

" Implement phase". In objec t-oriented programming, thi s phase is not so important. It 

require onl y the techniq ue for convert the the relati on as the modules to the programming 

language. At last, after the converti ng to the code is finished, "Test phase" is that check the 

code is right for the problem of the event. These test are very important fo r the program. If 

the code does not satisfy the requirement, we must return the " Des ign phase" or "Analysis 

phase" . 

There are many method for the analysis and design the problem for object-oriented 

programming. Object Modeling Technique (OMT) method is one of them [15 1]. The 

soft ware development could be descri bed as the following li st by OMT method. 

I. Object Analys is 

Problem description The requirement is described in the document. The aim of 

thi s phase is that make the object clear. 

Construct of the object model The objects and classes are recognized from the 

document made in the problem description. Nex t, find the relation between 

the objects and classes and add the attribution to the object and the class. The 

chart of the object model is used in this latter phase. 

Construct of the active model The active model describes the re lation of the sys­

tem or objects on the time. The event trace diagram is used for thi s phase. 
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Construct of the functional model The functional model is describes only how to 

the value calculate and ignore the calculation order, criterion deci sion , and the 

object structure. The functional model describes the mathematical function. 

The data flow diagram is used in this phase. 

2. Object Design 

System design The system design consists the determination of the set of the sub­

system for the system, the allocation of the sub-sy tem from the hardware and 

the software elements , and the decision of a primary concept and a poli cy from 

the detail system design. 

Object design In the object design phase, the classes and its relations are com­

pletely defined, and the interface for the method and the algorithm are also 

defined. 

3. Implement 

Figure B.4 - B.8 is shown the dependence of each module in the case of tokamak reactor. 

These diagrams are the class diagrams by OMT method. In thi s figure, two important 

concept is there, aggregation and generalization. An aggregati on is a re lation of"has- a", 

for example, "Tokamak has a coil system". An generalization is a relation of "is- a", for 

example, "Center solenoid coil is a (kind of) poloidal coil". The model for the tokamak 

fusion reactor is built through this analysis. The model is a baseline for coding the system 

code for tokamak reactor. 

Figure B.9 shows the event trace diagram of the system code for the tokamak reac tor. 

The time flows from the top to the bottom in thi s figure. 
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B.3 Implementation 

8.3.1 Objects of the system code 

The primary objects of a new system code are li sted below. 

o Take account of the extendibility of the modules to add or modify the model. 

• Simple, easy understandable operation . 

• More time, more precision resu lts (rank up the dimension of the model). 

• Store the calculation results and the input data. They can be referred if they are 

needed. 

o The program language which is used in the system code is C++ (the partly, Fortran 

is used). 

In the background of above objec t, the workstation and the personal computer is rapidly 

higher performance and the lower cost. 

8.3.2 Network distributed code 

Figure B. 10 is the existing system code. All module is running on the single machine. 

Figure. B. I 1 is the ne twork distributed type system code. The codes are distributed on 

the machines connected with network . The grain of parallel computing is very large. The 

module (grain) on the machine is a independence each other, we call this state "loose cou­

pled" computing. The merit of thi s method is that the existing code could be incorporate 

with a few changes. The network protocol is TCP/IP. The hetero-machines can be used 

in this method because the difference between the machine architecture assimilate with 

interface part. The RPC protocol would be used for this purpose. 

B.4 Conclusion 

The abstract of object-orient technology is described and the software development is 

investigated. The tokanmk fusion reactor is modeled and the mutual relation is shown by 
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the OMT method. 

The new object-oriented system code has been proposed. This code is worked on the 

workstation and/or personal computer. The modules are di stributed on the computers on 

the network. The modules are loosely coupled, there fore, the ex isting code could be fitt ed 

easily. 
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Figure B.l: Schematic of time scales and regions of appli cability for fluid 
and kine tic simulation models in magne tic fusio n [ 145]. 
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Figure 8.9: Event trace diagram of the system code for the fusion reactor. 

inpuUoutput 

single machine 

Figure B. l 0: Schematic model of the ex isting system code. 

Network 

Figure B.ll: Schematic model of the distributed-type system code which is 
proposed in this secti on. 

267 



Appendix C 

Ramp-up Scenario with L/H Transition 
by Point-model Simulation 

C.l Introduction 

H-mode, the improvement phenomena of the energy confi nement, was discovered by 

ASDEX team when they injected the amou nt of the ex ternal power to the main plasma 

by neutral-beam injecti on (NBI) [153]. This H-mode is a universal phenomenon, because 

many fusion-ori ented device has confirmed it. It makes the commercial reactor design 

more realistic. In the recent fu sion reactor des igns, such as ITER [55], IDLT [54], SSTR 

[64] and ARIES-! [9], the energy confinement is expec ted the H-mode. It is experimentally 

clear that there ex ists a minimum heating power so as to access H-mode confi nement 

region. This threshold power has been investi gated in many tokamak devices, and recentl y 

compiled with some plasma parameters [154, !55] . 

In this secti on, we simulate the plasma ramp-up of lnternatiorml Thennonuclear Ex per-

imental Reactor, Engineering Design Activity (ITER EDA) by using the 0 dimensional 

(OD) simulation based on a power balance equati on and a helium (He) particle balance 

equation with L- to H- and H- to L-mode transitions. We also compare the results with 

plasma operating contour plot (POPCON plot) [84]. We adopt the new ramp-up method, 

where the surface area of the plasma is varied during ramp-up for sav ing the auxi liary 
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heating power for the ignition. Simple fusion power control is al so examined in this sec-

tion. 

C.2 Simulation methods 

We simulate the plasma ramp-up with the OD power balance equati on and the helium 

particle balance equati on. The OD power balance equation is 

dWp 
dt = Po + PoH + Paux - Ps rad - Psync - Pcond , (C . I ) 

where !Vp[MJ] is plasma thermal energy, and P0 , PoH• Paux. Parad and Psync are the 

total powers of alpha parti cle heati ng, Ohmic heating, add itional heating, Bremss trahlung 

loss and synchronous rad iation loss, in MW. The confinement loss Pcond is defined as 

Pcond = Wp/1)0, where 7)0[S] is the global energy confi nement time. Detail s of these 

tenns are given in ITER CDA Physics Guideline [49]. Helium parti cle balance equation 

is 

d7l 0 7l 0 Po S - =--+-(+ o), 
dt Tp E,.. 

(C2) 

where no [I 020 f m3] is the helium particle density, E,.. is the the re lease energy at a deuterium-

tritium fusion reaction (3.5 MeY) and 50 [1020 f m3] is the ex ternal injected the helium par-

tides for suppress ing the excess of the fusion powe r. The parameter r[i[s] is the effective 

particle confinement time defined as 

r· = __ rp __ 
p l - Reff ' 

(C3) 

where Tp[s] is the particle confinement time and Reff is the effective recycling ratio [I 56] . 

We approximate that r [i ~ I 0110 and adjust the ratio of rr; to 710 to the required fusion 

power. 

Many scaling laws for the energy confinement time are proposed. Here we use the com-

bination of Neo-Alcator Jaw and ITER 89 L-mode power law. The energy confinement 
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time TE is taken as follows [50], 

l ( l l ) '
12 

-= -2-+-2- • 
TE 7 NA 7 EH 

(C.4) 

where TNA[s] is Neo-Alcator OH confinenient time [51], and rEII is the energy confine­

ment time for the aux iliary heated plasmas. The Neo-Alcator confi nement time takes the 

form, 

(C.5) 

where (n2o) [ l020 / m3] is the volume-averaged electron density, R[m] and a[m] are the 

plasma major and minor rad ii and q. is the cylindrical eq ui valent safety factor expressed 

by 

5a2 Eo I + ,.,;2( I + 62 - 1.2b3) 

q. = Rip 2 (C.6) 

where Eo [T] is the toroidal fie ld at the plasma center, The parameter Ip[MA] is the to­

tal plasma current , 1-i is the elongation of the plasma and ~ is the triangularity of the 

plasma. For the energy confinement time of auxiliary heated plasmas, the enhanced lTER-

89 power law scaling [49] is adopted which is given by 

(C.7) 

(C.8) 

where fH is the H-factor, the enhancement factor from the L-mode, A; is the ioni c mass 

number, and P;0 [MW] is total heating power defined by 

P;n = Po + PoH + Paux - Psrad - Psync . (C.9) 

We choose fH of 1.0 as L-mode and fH of2.0 as H-mode. The criterion for distinguish­

ing between L-and H-mode is depended on the threshold power P1h , 

(C.IO) 
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where S [m2] is the plasma surface area [154]. The H-factor has a hysteresis effect; The 

L/H transition takes place when P;0 is larger than P1h, and the H/L transition dose when 

P;0 is smaller than 50% of P1h as shown in Fig. C. I . 

With these equations, we simulated the plasma ramp-up with ITER EDA parameters 

[58]. The cross section of the plasma at the flattop is shown in Fig. C.2 and the main 

parameters is listed in Table C. I. 

C.3 Results 

C.3.1 POPCON plot and OD simulation 

To compare the results between POPCON plot and OD simulation , we simply ass ume 

that the plasma is always H-mode and the plasma shape parameter(R, a,,.,;, and 6) and the 

helium particle fraction f o is also constant during the ramp-up phase. Figure C.3 shows 

the POPCON plot on the ITER EDA parameter with the he lium particle fraction of 0.11. 

Operating point is located on the line which is indicated the fusion power Prof 1.5GW. 

Troyon coefficient of 3.0 is also shown in this figure. 

The heating power Paux of 20MW is sufficient for the ignition in this case because the 

heating power at the saddle point is about l7MW. The time-dependence OD simulation 

confim1s that the heati ng power of 20MW for 80 seconds is enough to ignition in thi s case 

as shown in Fig C.4. 

It seems good agreement between POPCON plot and OD simulation, if some transient 

parameters such as the helium fraction are assumed to be constant during the ramp-up 

phase. POPCON plot, however, could not take the following transient effects during the 

ramp-up phase into account: 

I. The fraction of the impurity is not constant during the ramp-up phase as the steady 

state, 

2. The H-mode can not be realized from the initial phase, but POPCON plot is assumed 
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that the plasma is always H-mode. 

3. The cross section of the plasma is constant such as flattop. 

Figure C.5 shows the POPCON plot with the initial impurity condition fo = 0.03. The 

heating power Faux at the saddle point is about lOMW, which is 60% of Paux in Fig. C.3. 

The necessary heating power might be estimated to be smaller than that of previous POP­

CON plot. From the result of OD simulation, the heat ing power of 12MW can al so ignite 

the plasma, while the excess of the fusion power is occurred on the latter half of the ramp­

up phase. 

Mitarai overcomes one of the POPCON-plot's disadvantage , the plasma is always H­

mode, by separating the (T) -(n) space between the L-mode region and H-mode region, 

however, the impurity frac tion is constant on hi s work [!57] . 

C.3.2 Fixed-full-size ramp-up simulation 

The OD simulation with L/H transition determined by Eq. (C. ! 0) are described here. The 

initial plasma state is ass umed to beL-mode, and kept thi s state till P;n > Pth· Figure C.6 

shows that the heating power of 70MW is needed for the ignition , whi ch is about six times 

larger than that of the steady H-mode plasma. If we inject the heating power smaller than 

that of 70MW, H!L tran ition takes place the latter half of the ramp-up phase. 

C.3.3 Reshaped-size ramp-up simulation 

There are two methods for reducing the heating power; one is the start-up wi th the low 

density 1120 and the other is the start-up with the small su rface area S because Pth n2oS. 

The former method, the low density wi th the large ex ternal inject power, might cause the 

severe damage to the divertor plate. We propose the latter method, where the plas ma is 

started with the small surface area and the relatively high density. On the ITER EDA 

plasma, the initial cross section of the plasma is the small circular, and the plasma is grad­

ually grown up with the non-ci rcular cross secti on, as shown in Fig. C.2 and li sted in 
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Table. C.l. The heating power might be decreased to about half of 70MW when the ratio 

of plasma surface area between the initial phase and the flattop phase is take into account. 

We, however, restrict the plasma current I p because of stabilization of magnetohydrody­

namics(MHD) instability by q. ?: 3, the heating power of 50MW is needed as shown in 

Fig. C.7. 

On the other hand , if we inject the heating power of 70MW as same as previous case, 

we can start the plasma ramp-up with the initial density up to 0.45 x I 020 j m3• The divertor 

plate is mitigated compared with the constant cross section case. The excess of the fusion 

power al so takes place. Many methods are proposed to suppress such a excess of the fusion 

power [91). Here we adopt the impurity control method, the helium particle injection. To 

simplify the simulation, we assume that the helium particles injected to the plasma are 

rapidly diffused in the whole plasma and exhausted with the effecti ve particle confinement 

time Tp· We can control the fusion power within the 10% excess as shown in Fig. C.8, 

when the helium particles of 2.0 x I 020/s are added in 25 seconds. 

C.4 Conclusion 

A new method for ramp-up scenario; i.e ., the start-up with the smal l plasma surface 

instead of the low plasma density, is proposed with the results of the simple OD time­

dependence simulati on es timated L/H transition. The auxiliary power for ramp up can be 

decreased by new method compared with the usual scenario. The necessary auxiliary heat­

ing power is about 50MW with new method, while 70MW with full-size start-up scenario 

in the ITER EDA parameter. When the heating power of 70MW is injected into small ­

surface-area plasma, the initial plasma density can be increased from 0.30 x 1020 / m3 to 

0.45 x I020/ m3 . Such high density operation might mitigate the erosion of the divertor 

plate. 

The fu sion power excess takes place in the latter half of the ramp-up phase. It is sup-
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pressed within I 0% by the external injection of the helium particles in the case of ITER 

ED A. The effect on the poloidal field coil system in thi s new start-up scenario is the future 

work. 

Table C. I: Main plasma parameters of ITER EDA. The surface area of the 
plasma is varied for the decrease of the heating power. 

parameter flattop ramp-up phase 

major radius R [m] 8.1 fixed 

minor radius a [m] 3.0 2.0 ..... 3.0 

elongation '" !.55 l.O ..... 1.55 

triangularity fJ 0.20 0.0 ..... 0.20 

toroidal field B1 [T] 5.7 fixed 
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2.0 u=--- H-mode 

L-mode 
__ J] 

0 Pth 12 Pth 

internal power Pm 

Figure C. I: H-factor JH as a function of the threshold power Pth· The H­
factor has a hysteres is effect. 

:[1 
E 
Q> 0 
1! 

· 1 

·2 

·3 

·4 

center solenoid coil p~ ..-

·So 1 2 3 4 s s 1 a g 1 o 11 12 
major radius [mj 

Figure C.2: Cross section of ITER EDA plas ma during the ramp-up phase 
and at the flauop. The center solenoid coil is also shown in thi s 
figure. The plasma cross sec tion is grown from the small circu­
lar to the non-circular during the ramp up phase. 

+Saddle point: 17MW @(7.0, 0.48) 
fH=2.0 fa=0.11 

2.0"~mT~~~~----,--------.-------. 

(") 

E 
0-

1.5 (\J 

0 
r-.......... 
>-....... 

"U5 
c 1.0 Q) 
-o 
ro 
E 
(f) 
ro 0.5 a.. 

0 10 20 30 40 50[MW] 

0 5 10 15 20 
plasma temperature [keV] 

Figure C.3: POPCON plot for ITER EDA plasma. Beta limit with Troyon 
factor g of 3 and the fusion reactor output Pf of2.7 GW are also 
shown. The saddle point is indicated by"+" symbol. 
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9 Tro on= 2.0 'E= 4.1 [sec] 
2.0 ~---.-----,----.-~~T----=.-----

1.8 

1.6 Pt [GW] 

1.4 T[1 Okev] 

1.2 

1.0 fa [1 0%] 

0.8 

0.6 

0.4 

0 50 100 150 200 250 300 
time t[sec] 

Figure C.4: Auxiliary heating power Paux necessary for ignition. Pr is the 
fusion power of GW, where T is the plas ma temperature of 
lOkeY, f a is the he lium particle fraction of 10%, n2o is the 
plasma density of I 020 fm3, and Paux is the auxiliary heating 
power of IOMW. 

2.0 

(j) 
c 
(]) 1.0 

"0 
rn 
E 
(j) 
rn 
o_ 0.5 

0 

+ Saddle point: 1 OMW @(5.5, 0.46) 
fH = 2.0 fa= 0.03 

5 10 15 20 
plasma temperature [keV] 

Figure C.5: POPCON plot for ITER EDA plasma at the initial phase, the 
helium particle fraction fa is decreased to 0.03. The auxiliary 
power at U1e saddle point is reduced to lOMW. 
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Figure C.6: Auxiliary heating power Paux necessary for the igniti on taken 
account of L/H and H!L transition. The heating power becomes 
about six times larger than that of the steady H-mode plasma. 
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Figure C.7: Auxil iary heating power Paux necessary for the ignition with 
the vary ing plasma surface area . The heating power is decrease 
to 50MW. The heating power is not so small because the plasma 
current Ip is restricted by the limitation; q. 2 3. 
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Injection of the helium particles 
2.4 
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2.0 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 
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Figure C.8: Excess of the heating power Pr is suppressed by the he lium par­
ticle injection. It is controlled within the 10% di spersion. 
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