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4.3.2 Plasma equilibrium 

Plasma equi librium is determined by the poloidal field generated by poloidal field (PF) 

coil. All of PF coil are located on the outer of toroidal field (TF) co il to simplify the 

construction of the fusion island. The plasma is the single null configuration, and the 

plasma is up-warded to 1.4 m to keep the divenor region more wider. 

The following section, it is decide to whether center solenoid (CS) coi l is the pancake 

winding or the layer winding. The pancake winding is that winding the coil from outer 

to inner and inner to outer, and can make the CS coil multi -pan. The freedom of plasma 

control could be large, however, the intense of the structure is weaker than layer winding. 

The layer winding is that winding the coil from the top to the bottom and from the bottom 

to the top, the CS co il is a single component by this method. The freedom of plasma control 

by layer winded CS coil is lower than one by pancake wind ing, however, the intense of the 

structure is strong for its simplicity. We refer the stored energy of PF coil for determine 

the CS coil winding method. 

The plasma equilibrium which the nux supply to the plasma from PF coi l is 0 and 

poloidal beta iJp of0.46 which is the value of the flattop is calculated for above two CS coi l 

winding method by 2D plasma equilibrium code EQUCIR [43]. The location of PF coils 

is adjusted to be minimum the stored energy. The layer winding case is shown in Fig . 4.10 

and the pancake winding case is shown in Fig. 4.1 1. The stored energy of the layer wind

ing case and the pancake winding case are 19 GJ and 2 1 GJ, however, the summation of 

the absolute value of each poloidal coi l 's ampere turn of the layer winding case and the 

pancake winding case are 102 MA and 88MA. The reason of the inconformity is that all 

of the CS coil current is not same direction in the pancake winding case. Therefore , the 

layer winding is better for simple structure although the stored energy of PF coi l is rather 

large. 

4.3.3 Operating scenario 

Operating time 
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Alternative current (A C) operation is adopt in the !DLT DEMO reactor. The feature of 

AC operation is described in the next chapter. operating time and dwell time is estimated 

in this section. 

The supply magnetic nux 'I' from CS coil to the plasma is evaluated as, 

'I' = A X Bt, max x 2 = 1374Wb , (43) 

where A is the cross secti on area of CS coil and B1, max is the maximum magnetic flux 

of 13 T. The flux is twofold because of AC operation. The consumption of flux during 

the ramp-up phase is 513 Wb; the inductance consumption is 44 1 Wb and the resistance 

consumption is I 02 Wb, where Ejima coefficient is 0.4. The flux for flattop operation is 

89 I Wb. The effect from the bootstrap cu rrent to the magnetic flux could be ignore, if we 

assume the poloidal beta is varied only the plasma current is constant. The operating time 

is 4.5 hours as the plasma one-turn voltage Vtoop is 0.060 V. In the case of no-recharging 

operation, usable flux for the flattop operation is 450 Wb (= 1374 - 411 - 513), then the 

operating time is shortened to 2.1 hours. Therefore, CS coil should be re-charged during 

the dwell time for the lDLT DEMO reactor. The summary of the consumption flux is listed 

in Table 4.2. 

The power supply for poloidal field coil 

The demand power supply for PF coil system is estimated in the ramp-up phase because 

the maximum power for PF coil is occurred in this phase [75]. The maximum power is 

calculated on the scenari o, the plasma current ramp-up of I 00 seconds and the poloidal 

beta ramp-up of 50 seconds. The parameter, such as plasma shape, is varied as listed in 

Table 4.3. In the first 50 seconds, the plasma cross section and the current is evolved 
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with the limiter configuration , in the nex t 10 seconds the plasma is changed to the divertor 

configuration (the single null configuration). After the current reaches the value of the 

flattop the auxiliary heating power is added, therefore, the poloidal beta is increased. 

The PF coil current for ramp-up the plasma is calcul ated by the plasma equilibrium with 

the condition that the given flu x is added on the plasma surface. The consumption power 

is estimated from the PF co il current and the mutual inductance between coil s and the 

plasma. CS coi l is assumed the both the layer winding and the pancake winding. 

From the calcu lation, the maximum power suppl y for PF coil system is 3.5 GW and 4.7 

GW with the layer windi ng and the pancake winding, respecti vely. These value is rather 

large because of the large plasma current of 20.37 MA. The period between the start of 

the ramp-up and the time of migrating to the divertor configurat ion is prolonged to 120 

second, 180 second and so on, to mitigate the maximum power of PF coi l. Table 4.4 is 

li sted the results. It is more desirable to realize the proper power supply system to prolong 

the dwell time because the high operating ratio is not so required as the commercial reactor. 

The power supply of I GW is detennined with the scenario that the period to change the 

divertor configuration is 240 seconds and total ramp-up period is 330 second. Each PF 

coil current and total consumpti on power is shown in Figs. 4.12 and 4.1 3. 

From these figures, the trend of the consumption power is nearly equal between the 

layer winding case and the pancake winding case, however, the consumpti on power of 

the pancake winding case is larger than that of the layer windi ng case during the limiter 

configuration and the consumption power of the layer winding case is larger than that of 

the pancake wind ing case during the divertor configuration. 

Operating scenario 

The dwell time consists of the plasma current ramp-down time, re-chargi ng time, cool

ing time, the plasma current ramp-up time, and the plasm thennal ramp-up time. They 
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are estimated as 300 sec, 300 sec, a sec, 300 sec, and 50 sec, if the power supply system 

described the previous secti on is applied. The plasma current ramp-down time is adopt 

as same as the plasma current ramp-up time of 300 sec. The cooling time is a seconds 

because it is not estimated here, howeve r, the CS coil is refrigerated enough during the 

operating lime of several hours, a = 0 second would be available. 

Finally, the dwell time is estimated as about 20 minutes and operating ratio is kept more 

than 90%. Figure 4. 14 shows this operating scenario. 

4.4 Engineering design 

4.4.1 Powerftow 

The steady-state operation of the DEMO reactor is, of course, very attracti ve from the 

viewpoints of high availability and of the reduction on thermal/mechanical fatigue prob

lem. But the current drive by the non-inductive method requires a huge power, compared 

with the inductive current drive. The output of the net electric power to the commercial 

network seems to be indispensable in the DEMO reactor, and the output power more than 

one hundred MW might be reasonably requested. The feasibility on the non-inducti ve 

curren t dri ve operati on is discussed here in this DEMO reactor. 

To analyze a power now of a DEMO reac tor, a simple model shown in Fig. 4.15 is 

introduced. Totalthennal power transmitted to the turbine generator is given by 

(4.4) 

where Pn, P0 , and Pin are fusion powers carried by neutrons and alpha-particles, and input 

power. The energy multiplication factor in the blanket denoted by M is assumed to be 1.3. 

Taking the efficiency of the generator 1Ith to be 0.345 into acco unt , we can get an electric 

power Pe. A part of this electric power is consumed as a recirculation power Pd for current 
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drive and an ancillary power Pane· The net e lectric power Pnet is, consequently, given by 

(4.5) 

In the case of the inductive current drive, the ne t electric power of the DEMO reactor 

with the fusion power of 800 MW is estimated to be 24 1 MW, when the ancillary power 

of 100 MW is employed. The plant e ffi ciency defined by Pnet / Pth is calculated 24.3%. 

Compared with DEMO reactor of fi ss ion reactors, this ne t electric power seems to be 

reasonable and acceptable. 

The current drive efficiency by the non-inductive method is defined by 

(4 .6) 

where fbs is the fraction of the bootstrap cu rren t to the to ta l plasma current, which is given 

by the formula f bs = Cbs(c: ' i2J pa) I.3 [49]. Theoretically, the upper limit of thi s current 

drive efficiency is considered to be 0.5 MA/MW m2 or less [49]. The input power for the 

current drive Pin is, therefore, calculated to be 224 MW. When the conversion efficiency 

of the non-inductive current drive 17d is assumed to be 60%, the power flow diagram gives 

that no ne t e lectric power is available for Pane > 47 MW. Resultantly, the non-inductive 

current drive seems not to be applicable for this low fu ion power DEMO reactor. 

4.4.2 Simple estimation of the divertor 

The high heat flux to the divenor plate is one of the crucial issues for DEMO reactor. 

It is also expected that a low fusion power is favorable for the heat load on the divenor 

plate, however, the low density operation might prevent the hi gh recycl ing condition at the 

divertor regio n. Here le t us discuss on the density limit and the heat flu x on the diverto r 

plate in a low wall-loading DEMO reactor. 

The overall density limit has been proposed as Murakami-Hugill diagram and Green

wald limit. The later is given by the formula of (n2o) = 0 .27/ lp[MA] /a2, and e timated 
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to be (n2o)GR = 0 .65 for IDLT DEMO reactor plasma. Therefore, the limited operation 

density of (n2o) = 0.6 satisfies the criterion on the Greenwald density limit. 

Borrass has cla imed that the density at the separatri x has an upper limit to prevent from 

the plasma di sruption, and proposed the scaling on the density limit at the separatrix as 

erit c (q~ R)0.22 
ns,O = ---or 

erit P 2· 57 J]0.31 

ns,O = 0.5 (q ~. R)0 .09 ' (4.7) 

where PJ. [MW/m2] is a heat flux flowing into the Scrape of Layer (SOL) region thro ugh 

the separatrix, and C is assumed to be I [ 49, 76]. These formulae give the upper limit of the 

separatrix density for the DEMO reactor to be n s,O = 0. 15 ~ 0.21. This is corresponding 

to the peaking of the density profile with the peaking factor of (n 20)/ ns,O = 2.9 ~ 4.0, 

which seems to be acceptable in present plasma experiments. 

Next le t us turn to the heat load at the divert or plate. The overall heat load o n the di vertor 

plate is rough ly estimated to be 

0 .8 X 160MW 2 
2o;- X !Om x O.lm x 2 ~ IOMW/m . 

p. ~ 0 .8P0 

dlV - 27r R X D. X 2 
(4 8) 

w here D. is the thickness of the SOL at the divertor plate, and assumed to be 0.1 m in 

inner and outer legs of the divertor magnetic field line. The radiation loss is assumed to 

be 20%, and the remainder 80 % of the alpha heating power flows into the divertor region 

through the SOL. This overall heat load is smaller by a factor as two th an that of ITER 

EDA, however, is sti II hi gher than that of the design criterion for the divert or plate in ITER 

EDA (i.e., Pdiv = 5 MW/m2
). 

4.4.3 Simple estimation of the blanket 

We adopt the austenitic stainless steel as the s tructure material of the first wall of IDLT 

DEMO reactor. The ne utra l wall loading of IDLT DEMO reactor is ¢ ~ 0.6 MW/m 2 

which is lower than that of ITER. We consider the coordination of the austenitic s tainless 

steel and the breeder blanket with the design of SSTR [77] and FER [78 , 79] that proposed 
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by Japan Atomic Energy Research Institute (JAERI). The blanket design of SSTR is re

ferred on the blanket of DEMO reactor and the blanket design of FER is referred on the 

time-dependent them1al analysis. 

Comparison with the blanket design 

Table 4.5 li sts the load condition and the blanket design of FER, SSTR, and IDLT 

DEMO reactor. All of these blanket design are the solid breeder with the water cooling. 

The operation modes are that FER is the short pulsed operati on of about 2000 cc, 1 DLT 

DEMO reactor is the long pulsed operation of about 4 hours, and SSTR is the steady-sta te 

operation by the non-inductive curren t drive. 

The neutron wal l loading of IDLT is much smaller than that of SSTR. The averaged 

neutral wall loading is approximately given as, 

<I> ,. = 0.8Pr ~ Pr . 
surface R x 11 x h' 

(4.9) 

IDLT DEMO reactor is the small fusion output and the large major and minor radii in 

comparison with SSTR. The ratio of the averaged neutral wal l loading of JOLT DEMO 

reactor and SSTR is, 

<i>;;'(IDLT) 
- . 

<I>n(SSTR) 
(4.10) 

7.4 

Therefore, this low neutral flux condition would be mitigate the mechanical and the ther-

mal design criteria. 

Simple analysis of the breeding blanket 

Estimation of the neutronics heating The neutronics heating per the unit volume of the 

breeding blanket adopted by SSTR is 40 MW/m3 of the first wall and 100 MW/m3 is the 

breeding blanket, it is corresponded the heat flux to the structure material of 5 MW/m2
. 

If IDLT DEMO reactor adopt the same blanket of SSTR, it wou ld be the heat flu x to 
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the structure material of 0.7 MW/m2 . We, however, define the heat flux to the structure 

material as 1.0 MW/m2• 

The estimation of the wall thickness of the cooling tube The temperature of the austenitic 

stainless steel and its thermal stress are estimated here. The temperature of the structure 

material as a function of the thermal flux with the parameter of the thi ckness of cooling 

tube is shown in Fig. 4.16. The th ickness of the cooling tube t of IDLT DEMO reactor 

whose thermal heat flu x of about 1 MW/m2 could be designed t = I ~ 2 mm under the 

condition that the thennal upper limit of the austeni tic SUS 3 16 is 450 °C. Figure 4.17 

shows the estimation of the thermal stress wi th above condition. From this figure, the 

thi ckness of the cooling tube of 1 mm is satisfied the allowable stress of 3 Sm. 

Temperature control of the lithium blanket The temperature of the blanket should 

be kept from 400 oc to 1000 oc to au tomatic-collect the tritium from the solid lithium 

blanket. The analysis result of SSTR is shown in Fig. 4.18. In SSTR, the gap between the 

cooling pipe should be shorten to abou t the 10 mm because the high temperature water of 

about 300 °C cools the heat of the blanket. In the case of JOLT DEMO reactor, the gap 

between the cooling pipe could be widen to about 27 mm because of the low neutral flux. 

About the lithium se lf-burni ng, the consumption of 6Li is 20 % in the IDLT DEMO 

reactor which the neutral flu x rp = 2 ~ 3MW a/m2 Therefore, the freq uency of the 

exchange the breeding blanket is a few from the viewpoint of the lithium burning. 

Tritium leak from the wall of cooling tube The amount of the tritium which transport 

the austenitic structure material is 21 g/day by the SSTR design. A limitation for tritium 

leak is I g/day, therefore, it is needed to adopt the barrier membrane on the wall of the 

cooling tu be made by the oxide membrane. 
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Non steady-state thermal analysis In the blanket design of FER, the non steady-state 

thermal analysis is investigated with the repeating operation of 2000 sec and the dwell 

time of 250 sec. The analyzed parameters are neutronics heating of ~ I 0 MW/m3, thermal 

flow of 0.88 MW/m2 ; These parameter are almost same as that of IDLT DEMO reactor. 

The estimation of the thermal insulator which the cooling water of 320 oc in the cooling 

pipe and the blanket of 400 oc is shown in Figs. 4. 19 and 4.20. The thermal colllrol of 

the blanket could be available with the gap width of about I mm. 

4.5 Summary 

A purpose of DEMO reactor is, of course, the demonstrati on of the engineering feasi

bility as an electric power plant , where a suffi cientl y long pulse operation with an ignited 

plasma is indispensable. The design philosophy on the DEMO is the earl y reali zati on of a 

fusion reac tor in the earl y phase of the next century, so as to launch the fus ion energy into 

an argument on the energy strategy. Gi ving a high priority to the early and reli able real

ization of a tokamak fusion reactor over the cost perfonnance, a low wall -loading DEMO 

reactor is designed, based on scientific knowledge available from ITER plasmas and ad

vancements of the fusion nuclear technology from the near-term R&D program. At the 

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

tron irradiation in fission reactors should be employed. A slight increase of ~0. 5 m in 

major radius is sufficient for lowering the fu sion power necessary to achieve an ignition 

plasma from 1.3 GW to 0.6 GW in ITER-relevant plasmas , yielding a remarkable reduc

tion of the neutron wall loading down to 0.4 ~ 0.5 MW/m2 . In step with development 

of advanced materials, step-wise increase of the fusion power seems to be feasible and 

realistic, because this DEMO reactor has a potentiality of ~ 5 GW fusion power. 

The DEMO reactor is not absolutely required the high operating ratio as the commercial 

reactor, the dwell time is prolonged to 20 minutes with the power supply for PF coil system 
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of I GW. The operating ratio, however, still high as 90% because the operating time is 

4.6 hours. The laye r winding method of CS coil is proper by its simplicity mechanical 

structural, although the stored energy is rather larger than that of pancake winding. The 

plasma current is ramped up in 5 minutes with the auxiliary heating of 30 MW. 

In the case of the non-inductive current drive , no net power is obtained due to the low 

current drive efficiency. The electric powerof0.2 GW or more is available, when inductive 

current drive is applied for thi s low fusion power DEMO reactor. Since an operation 

period more than a few hours might be requisite for DEMO reactor to guarantee high 

availability, the major radius is increased up to 10m. The di vertor heat load condition 

might be mitigated from ITER due to the low fusion power with large major radius, where 

the average di vertor heat load is I 0 MW/m2 with no detached pl asma condition. The 

austeniti c stainless steel and the breeder blanket is in comparison with SSTR and FER. 

No fatal defec t is found in the blanket of IDLT DEMO reactor. 
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Table 4.1: Parameter list of DEMO fusion reactor. 

major radius R 

minor radius a 

plasma elongation K 

plasma current lp 

max. magnetic field for TF coil flt,max 

max. magnetic field for OH coil BoH.max 

plasma temperature (T) 

H-factor from ITER89-P 

fusion power Pf 

net electric power Pnet 

neutron wall loading ¢ n 

plasma density (n2o) 

Troyon coefficient g 

operation period 

10m 

2.9 m 

1.5 

20.3 MA 

12.5 MA 

13.0MA 

12 keY 

2.0 

limited power full power 

0.8GW S.OGW 

0.24 GW 1.9GW 

0.4 MW/m2 2.5 MW/m2 

0 .6 X 1020 m 3 1.5 X 1020 111 3 

1.2 3.0 

4.5 hours 5.9 ~ 6.7 hours 

I 

2 

3 

4 

5 

6 

Table 4.2: Consumption of JOLT DEMO reactor. Plasma inductance Lp is 
20 f.tH, Ejima coefficient Cejima is 0.4, operating time with 
recharging t 0 p 1 is 4.5 hours, operating time without recharging 
top2 is 2.6 hours, bootstrap current by ITER guideline lbs is 2.64 
MA, plasma one-turn voltage V[oop is 0.060 V, and plasma current 
lp is 20.27MA . 

phase description basis flux 

number consumption 

current ramp-up (inductive) Lp fp 411 Wb 

current ramp-up (resistive) CejimaPoRo fp 102 Wb 

2 i3p ramp-up Lp Ibs - 53 Wb 

3 lp flat top (with recharging) 1'Ioop lop! 967 Wb 

lp flat top (w/o recharging) 1'!oop lop2 552 Wb 

4 f]p ramp down Lp lbs - 53 Wb 

5 current ramp down Lp lp 411 Wb 

available flux 2 '!'max 1374 Wb 

Table 4.3 : Operation scenario that total ramp-up phase is assumed 150 sec
onds. EOB stands for End of Burn. R is major radius , a is minor 
radius , K is elongation, lp is plasma current , J p is poloidal beta, 
and '!' is magnetic field. 

condition time [s] I description 

plasma initiation 0 --> 2 Townsend electric avalanche 

a ~ I m, Ip ~ 0.5 MA, circle cross section 

current ramp-up 2 __. 50 Shape variation to non-circular cross section 
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(!) a : 1.0 __. 2.5 m, Jp : 0.5 __. 10.5 MA, o. : 1.0 __. 1.5 

limiter -t 50__. 60 from limiter to single null configuration 

single null R: 10.4 __. 10.0 m 

current ramp-up 60 __. 100 Ip : 10.5 __. 20.27 MA (flanop) 

(2) 

/3p ramp-up 100 __. !50 Poloidal beta increment by auxiliary 

heating /]p : 0.1 ~ 0.46 

Buming 100 __. EOB 4.5 hours (2.6 hours w/o recharging) 
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Table 4.4: Maximum power supply for PF coil system. The Maximum con
sumption power is mitigate wi th prolonging the ramp-up phase. 

the time to divenor the ramp-up maximum power w. maximum power w. 

configuration. [sec] period [sec] layer winding [GW] pancake winding [GW] 

60 ISO 3.5 4.7 

120 2 10 1.8 2.4 

180 270 1.2 1.6 

240 330 1.1 1.2 

Table 4.5: Breeding blanket of FER, SSTR , and lDLT DEMO reactor. 

plasma major/minor radii 

plasma elongation 

maximum magnetic field 

fusion output 

operation mode 

aver. neutron wall loading 

max. neutron wall loading 

neutron ftuence 

breeding blanket 

breeding ratio 

cooling material 

blanket temperature 

structure material 

FER 

5.2 m/1 12m 

1.5 

12T 

297 MW 

~2000 sec 

0.68 MW/m2 

0.3 MW a/m2 

316SS 

SSTR IDLTDEMO 

7 m/1.75 m 10 m/2.9 m 

1.8 1.5 

16.5T 12.5 

3000 MW 800MW 

steady-state > 4 hours 

3 MW/m2 0.56 MW/m2 

5.1 MW/m2 0.73 MW/m2 

~10 MW a!m2 2 ~ 3 MW a!m2 

Li20, Li2Zr03 + Be Li20 + Be 

1.21 

H20 (285 °C/325 °C) 

400 ~ 1000 °C 

ferritic steei(F82H) austenitic steei(316SS) 
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Figure 4. 1: Schematic scenario of fusion reactor development , where FNT 
means Fusion Neutron Testing wi th the volumetric neutron 
source. 
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Figure 4.2: Critical fusion power so as to igni te a DT plasma is plotted for 
various aspect-ratio devices as a function of a plasma major 
radius, where a plasma elongation is slightly decreased as the 
aspect-ratio is increased, and other paran1eters are that If = 2, 
Bt,max = 12.5T, BoH.max = 13T, / He = 12.3%, /se = 2%, 
8 = 0.24, q~(a) = 3 and (T)= 12 keY. A DEMO reactor param
eter which we have adopted is marked with a closed circle. 
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Figure 4.3: eutron wall loading is plotted for various aspect-ratio devices 
as a function of a plasma major radius. The average and the 
maximum value of the neutron wall loading is shown by the solid 
line and the broken line , respectively. The parameters are as 
san1e as Fig. 4 .2. 
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Figure 4.10: Plasma equilibrium (layer winding). CS coil are made from 
one par!. The ampere-tum of each coil is 14.4 MA. 17.4 MA. 
-6.2 MA. -10.4 MA. -6.3 MA, and 33 MA, respectively. 
The stored energy is 22.8 GJ. 
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Figure 4.11: Plasma equilibrium (pancake winding). CS coil is made from 
4 parts. The ampere-tum of each coil except CS coil are 14.6 
MA . -5.7 MA. -12.4 MA, -1.5 MA. and 25.7 MA . respec
tively. The ampere-tum of the par! of CS coil are 18 .6 MA, 
-8 .9 MA. 6.5 MA. and 7.9 MA. from bottom to top. The stored 
energy is 19.2 GJ. 
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phase (layer winding). The coi l num be r is denoted in Fig. 4. 1 0. 
The plasma changes the configuration from the limiter to the 
divert or in 50 ~ 60 seconds. 
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Chapter 5 

Commercial reactor 

5.1 Introduction 

In thi s chapter, the commercial reactor of IDLT is designed from the viewpoint of MHD 

activity, the plasma physics, and the magnetics . One of the disadvantage of the pulse 

reactor is the intennittent electrical output. We pay the attention on the ope rating scenario 

to shorten the dwell time and prolong the operating period. The fusion output of 3 GW is 

assumed as the commercial reactor. The using physical and engineering assumpti on is the 

conventional one, or the little extrapolation of the today's knowledge. 

In Section 2, we explain the plasma aspect ratio of 5 is favorable from the MHO acti vity. 

The following secti on, Sect ion 3 and 4, we have designed the detail of parameters of the 

commercial JOLT reactor. Finally, we attempt the advanced physics such as a VH-mode 

whose H-mode of 3 to the JOLT reactor and compare the radial build with that of the 

conventional reactor in Section 5. The summary of thi s chapter is in the last section , 

Section 6. 

5.2 Parameter analysis from the sawtooth-free plasma 

In this section, the performance of the current profile in JOLT reactor is di scussed. The 

active current profile control with an external power source is not adopted, because the 
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external power necessary might be enonnous. In the steady state the inductively driven 

current profile follows the Ohm's law and is governed by the temperature profile. In the 

fusion reactor, where the burning period is much longer than the field penetration time, the 

use of the transient phenomenon like a current ramp up and/or local heating is not accept

able. In IDLT reactor plasma the current profile is uniquely set up only by the combination 

of the inductively driven current profile and the self-generated bootstrap current profile. 

5.2.1 MHD criterion from plasma current distribution 

In designing IDLT reactor plasma from the viewpoint of MHO features for the fusion 

reactor, the di sruption and the beta limit criterion should be incorporated at first. 

There are some discussions on the role of sawtooth ac ti vi ty in a fusion reactor plasma, 

because sawtooth does not terminate a plasma di scharge. But it has been pointed ou t in 

ITER COA [76] that the sawtooth activity affects ham1fully on the controllability of high 

Q plasmas, especial ly fluctuation of the fusion power output , and on the plasma position 

control through the change of the internal inductance. Thereby, the plasma of JOLT reactor 

is considered as the sawtooth-free plasma, because the sawtooth activity might impose 

several constraints in the engineering design of a fusion reactor. Sawtooth condi ti on is 

governed by the safety factor at the plasma center, q0, and in inductivel y operated plasmas 

the aspect ratio of the plasma is a key parameter to realize a sawtooth -free conditi on [80]. 

Consequently, next three criterion are adapted to IDLT reactor plasma: 

I. q'l'(a) ~ 3, for disruption criterion 

2. Troyon scaling, for beta limit 

3. q(O) ~ I, for sawtooth-free plasma. 

where Q'l'(a) is a safety factor at the plasma surface. 

To optimize the fusion reactor design, careful and deep considerations should be paid 

from various viewpoints, the physical and the engineering aspects. In this section, the 
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plasma performance is discussed only from the viewpoint of MHO property. 

5.2.2 Formulas to determine the plasma parameters 

The procedure to detennine the plasma parameters are schematically shown in Fig. 5.1. 

After the plasma and the machine parameter are given, the current density at the plasma 

center j(O) is calculated at first under the criterion of q(O) ~ I. In the steady state condition 

the inductively driven Ohmic current is governed by the plasma temperature, because in 

the Ohm's law, E = 11]. the plasma resistivity 11 is a function of the plasma temperature. 

Assuming the temperature profile, total Ohmic current I0 h can be evaluated. The fraction 

of the bootstrap cu rrent is a function of a poloidal beta .:/p. and dp is a function of a 

toroidal beta ;31 and the total plasma current !101(= I0h + Jb8). The bootstrap current can 

be determined self-consistentl y, under the toroidal beta limit , as shown in Fig. 5.1. At last, 

the ignition condition and a di sruption cri terion have to be checked wi th ! 101 and Q'l'(a) . If 

these conditions arc not satisfied, the input parameter is changed. 

OT plasma with the major radius of R, the minor radius of a, the elongation of"· the 

triangularity of 6, and the toroidal field of B1 is considered for forn1ulating to determine 

the plasma parameters. The profile of a plasma, a parameter is assumed to be 

r-( ')o, 
_\(r) = .\(0) I - ;;z (5.1) 

where X represents the den ity n and the plasma temperature T with the indexes of o, 

In the first step, the Ohmic current is uniquely evaluated, because it is independent on 

the bootstrap current. Because the bootstrap current is 0 at the plasma center, the central 

current density j(O) [MA/m2] is detern1ined only by applied a loop voltage l'Joop(O), and 

is ex pressed as 

. UJoop(O) VJoop(O) T 312(0) 
J(O)= --=-- ' 

21f R17(0) 21f R C0 Zeff In A 
(52) 
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where 1)(0) is a plasma resistivity at the plasma center, Zerr is the effective charge, T(O) 

[keY] is a plasma temperature, In 1\ = 20 and Co = 1.65 x 10- 3 The current density at 

the plasma center is also related with q(O) as 

5 B I + n-2 

j (O) = :; Rq~O) ~, (5 .3) 

where the plasma elongation at the plasma center, In the steady state, the externall y applied 

the loop voltage is uniform across the plasma volume, resulting in the relationship between 

the current density profi le and the temperature pro fil e, j ( r ) ~ I /17( r ) ~ T3l 2(1· ). The 

Ohmic current integrated across the plasma cross secti on is given as 

J 
. j l' ]oop(~" ) vloop(r) j ds 

J(r ) ds = --- ds = --- --
27r R1](T) 27r R 17( r) 

I a2n, (T )3/2 
----- --l ' ] (0) 
2Co In 1\ R Zeff (I NC ) oop 

5a
2 
Bt 1 + /{

2 
_ I_ (S!l) 312 

Rq(O) 2 (INC ) T(O) 
(5.4) 

where (INc) is the enhancement factor of the Spitzer resisti vity due to the trapped particle 

effect given by 

(5 .5) 

where o is the inverse aspect ratio, and low collisionality (v(: «: I) and Zeff ~ 1.5 are 

assumed for simplicity [8 1]. Equation (5.4) gives the relation between the total Ohmic 

current and the q(O) value, when the machine parameters are fi xed. 

In the second step, the bootstrap current can be calculated. There ex ists some formulas 

to give the fraction of the bootstrap current, which the parameter dependence is slightly 

different each other [ 49, 82]. The formula used in the ITER CDA [ 49] has been employed 

here, that is 

Ibs _ C (o' /2{3 )1.3 
I 

- bs p , 
tot 

(5.6) 
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with 

C = 1.32 - 0 .235 q.y(a) + 0.0 185 (q"'(a)) 2 

bs q(O) q(O) , 
(5 .7) 

(
Bt )

2 

f]p = i3t Bp , (5 .8) 

and 

q"'(a) = q· j (o). 

• 5a2 B 1 I + n-2 (1 + 262
- 1.263

) 

q = Rftot 2 
(5 .9) 

where Ibs and !101 are the bootstrap curren t and the total current, and 

f 
1.17 - 0 . 65~ 

(<) ~ ( 1 _ c:2)2 · 

In the third step, the constrai nt on the beta value arising from the ki nk and the balloon-

ing instability criteri on is introd uced for the bootstrap curren t is a functi on of the plasma 

pressure. By using the Troyon factor g, the maximum available beta value is expressed 

as [52, 83], 

J :"ax [%] = g It
8
ot , 

a t 
g = 2.5 ~ 3.5 . (5. 10) 

Solving these equations, the boo tstrap current under the constrai nt of the beta li mit is 

given. 

In the final step, the feasibility of the plasma performance shoul d be checked . The 

ignition condition has been evaluated with POPCON plot [84] , where the ITER89-P law 

is used as an energy confinement scaling [49] , given by 

fH X r~TER89-P 

(5.11 ) 

where A. i is the effective ion mass and P is the total heating power. The enhancement 

factor from the L-mode scaling is denoted with fH, so-called H-factor, and fH ~ 2 has be 

chosen for expecting an H-mode confinement pl asma. 
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5.2.3 Results and Summary 

Results To compare plasma perfom1ance with the impartial way for different aspec t ratio 

plasmas, the same engineering criterion should be applied. The maximum field of toroidal 

coils, Bmax, is fixed so as to flmax = 13 T, whose value is achievable within the reasonable 

extend of the present technology. The thickness of the blanket and the shielding materials 

at the inboard side of the torus, d is also fixed to be 1.4 m. The toroidal fie ld s trength at 

the plasma center is given by 

R-a-d 
Bt = R Bmax. (5.12) 

Plasma parameters are li sted in Table 5.1 for different aspect ratio plasma, where !J = 

3 as the beta limit criterion, (T) = 15 keY, Zeff = 1.5 , n, = 0.5, nt = 1.0 and the 

concentration of an helium ash llHe/ne = 0.1 . Plasma elongation is sli ghtl y changed for 

each plasma for the vertical instability. 

In A = 3 plasmas, the !J'l'(a) has to be increased up 5.35, and the flat current profile 

with l]'l'(a) = 3 ~ 4 can not be real ized . The plasma current of /p ~ 20 MA should be 

necessary to satisfy the ignition condition. Therefore , the plasma with the major radius 

of R > 8.5 m is indispensable even in A = 3 devices, and the plasma volume becomes 

The ignition machine wi th R ~ 6.4 m can be designed if the !/'¥(a) values is reduce to 

~ 3.5 as listed in Table 5.1 with italic letters. While the q(O) value would be decreased 

down to 0.5, resulting in the MHD activity just the sawtooth oscillation. 

In A = 5 plasmas, the Q'l'(a) value is lowered down to 3.4 even if the condition of 

q(O) = 1 is kept, and the device wi th R = 9.3 m is sufficient for realizing the ignition 

condition under the same engineering constant. Comparing A = 3 plasma with A = 5 

plasmas, the difference of the major radius is quite small, because the Q'l'(a) value can not 

be lowered in A = 3 plasma to the constraint of q(O) = I. Then, the plasma volume of 
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A= 5 device is smal ler than A= 3's one. 

In A = 7 plasmas, which an enonnous increase of the bootstrap current fraction is 

expected. Under the criterion q(O) = I, the device with R = 11.7 m is sufficient for 

getting an ignited plasma, but Q'l'(a) value is lowered under 3. It is undesirable to avoiding 

the plasma disruption and the degradation of the energy confinement time. To realize the 

plasma wi th !J'l'(a) = 3, the q(O) value, elongation r;, and triangularity b should be increased 

up to 1.7, 1.65, 0.36, respectively. In R = 10.7 m device the ignition condition also 

satisfied, because the decrease of the Ohmic current due to large q(O) value is compensated 

by the increase of the bootstrap current, giving the plasma current sufficient for ignition. 

In Fig. 5 .2 the cross sections for .-\ = 3. 5 and 7 plasmas are shown. The magnetic 

energy in TF coils is comparable in those devices, as shown in Table 5 .1. While the height 

of the plasma co lumn in A = 5 and 7 plasmas in about half of that in A = 3 one, and the 

size of one toroidal field coil reduces remarkably in A = 5 and 7 device, compared with 

than in A = 3 one. 

Summary Aspect ratio of 5 is favorable from the viewpoint of the current distribution 

and the MHD condition. In the case of the lower aspect reactor, its plasma volume is larger. 

On the other hand , higher aspect reactor can not satisfy disruption criterion !J'l'(a) :;:: 3. 

5.3 Zero-dimensional plasma analysis 

5.3.1 Plasma parameter determination 

In this section, the plasma paran1eter of lDLT reactor is detem1ined with investigating 

the sensitivi ty analysis for the plasma and the machine parameters. First, the basic zero

dimensional equations are described, then the principal parameters are surveyed. The sen

sitivity analysis, one parameter is selected to be varied and the other input parameters are 

fixed to be same va lue as those of the standard IDLT reactor with single null configuration 
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is investigated. 

Basic equations 

The formulas described here are collected in ITER CDA [49) , because almost all of these 

formulas were established with relatively high re liability based on the latest database in 

the fusion field. 

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

gation K., and a triangularity {j and it is assumed that the te mperature of ions and electrons 

are same. The profile is assumed as, 

( 
2)0, 

X( r) = .\(0) I - s , (5 13) 

for the density n, the current density j, and the temperature T, with indices n,, o1 , and n1 , 

where .-z:0 is the value at the plasma center. The vo lume-averaged plasma power density is 

given by 

( awth) I . . ---a/ 1 p = (PoH +Po- Pcond- Psr- Psync + Paux}/1 p. (5. 14) 

where W is a plasma thermal energy, and PoH· ?1,, Pcond• Ps,. Psync. Paux are total 

powers of the Ohmic heating (OH), the alpha parti cle heating, the confineme nt loss, the 

Bremsstrahlung radiation loss, the synchrotron radi ati on loss and the additi onal heat ing in 

MW, with a plasma volume Vp = 27r2na2 R. Detail s of these terms are given in Ref. [49). 

The effective plasma charge Zeff is defined as, 

Zeff = I + 2/o + Z(Z - I )/z , (5 15) 

where fo is an alpha particle fraction of the ion densi ty defined by fo = 11 0 /ne. Z i the 

charge number of the impurity ion, and /z is the impurity ion fraction of the ion density. 

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

...!... = (-~- + ~) 1/2 ' 
7 E 7NA 7EH 

(5. 16) 
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where 'TN A is Neo-Alcator OH confinement time (51). TEH is the energy confinement time 

for auxiliary heated plasmas . The Neo-Alcator confinement time takes the form, 

(5 17) 

where (n20 ) [I 020 j m3) is the volume-averaged electron density, q. is the cy lindrical equiv

alent safety factor expressed by 

(5. 18) 

where 8 0 [T] is the toro idal field at the plasma center, /p [MA] is total plas ma current. For 

the energy confineme nt time of auxil iary heated plasmas, the enhanced ITER-89 power 

law scaling is adopted whi ch is given by 

f ll * 7~TER89- P 

(5 .19) 

whe re f H is the H-factor, the enhanceme nt factor from the L-mode, .--1; is the ionic mass 

number, and Ph [MW] is the to tal heat ing power de fined by 

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

The plasma inductance is g iven by 

( 
8R l ) 

Lp = {toR In (a} + i - 2 (5.20) 

where {lo is the vacuum pe m1eabilit y, (a} = an°·5 is the effective plas ma radius, and I; is 

the internal inductance of the plasma. 

The loop voltage of the plasma becomes 

- 3( } lindR ( }-3/2 1'Joop = 2. 15 x 10 INC Zeff--2- T w , 
t>.(L 

(5.21) 
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where (INc) is the enhancement factor of the Spitzer resi stivity due to the trapped particle 

effect given by 

(5.22) 

(T10) [10 keY] is the volume-averaged temperawre, lind [MA] is the inductively driven 

current defined as lind= lp- lbs• and E is the inverse aspect ratio. 

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

J :"ax [%] = g lBp ' 
a t 

y = 2.5 ~ 3.5. 

The ratio of the bootstrap current to the total plasma current is 

where 

fbs _ C ( • 1 '2 3 )1.3 
I - bs , ' p • 
tot 

C = 1.32 - 0235(/'p(a} +0.0185 (q'¥(a)) 2 

bs q(O) q(O) 

( 
Bt )

2 

.ap = f3t Bpa 
lwt 

Bpa = 5(a). 

(5.23) 

(5.24) 

(5.25) 

(5.26) 

where q0 is the safety factor at the plasma center and q'¥ is the safety factor at 95 % flux 

defined as 

where Ibs and fwt are the bootstrap current and the total current, and 

f 
1.17 - 0.65c 

(E)~ (1 - E2)2 . 

From Fig. 5.3 which shows the schematic reactor geometry, the following relations are 

obtained. The available total flux of the center solenoid (CS) coil is 

(5 .27) 
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where dis the distance between the plasma and the toroidal field (TF) coils and WTF, wcs 

are the thickness of the TF and the CS coils. The vertical field magnetized by the CS coil, 

represented by B 1_, swings in both the positive and the negative directions. The stored 

energy in the CS coil is 

( 
wcs)z IJ2 Wcs ~ 1r R - a-d- WTF - -- 2h:(a+d) ----"-. 

2 2tLo 
(5 28) 

The stored energy in the TF coil is 

(5.29) 

where the minor radius of the TF coil is chosen to be a+ d, and the elongation is taken to 

be the same as that of the plasma. The TF coil current density is given by 

. ---~~_R_B~j_~--~~ ]TF = 
/LoU'TF(R- a-d- U'TF/ 2) . 

(5 30) 

The thickness of the TF and the CS coil should be determined by two criteria. One is the 

current density of the superconducting coil, given by Eq. (5.30}, where the critical current 

density is a function of the maximum field strength. The other is the mechanical stress due 

to the electromagnetic force, and this problem is di scussed in Chapter 2. For simplicity, 

only the current density criterion is applied to determined the coil thickness for all cases, 

because the pulse length is not as sensi tive to the coil thickness except in a device with a 

small major radius. 

Sensitive analysis for the major radius 

To understand the effect of each plasma and machine parameter on the reactor perfor

mance is importance for designing the reactor. In the following analysis, the major radius 

is selected to be varied and other input parameters are fixed except for the plasma minor 

radius and elongation, because the minor radius is varied to satisfy the ignition condition 

and the elongation is varied to mitigate the vertical instability. The major radius of IDLT 
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reactor is relative large due to sustain the magnetic flux for the long pulse operation, there

fore, the major radius is selected from the other parameters. The fusion power ou tput and 

the neutron wal l loading may be change in thi s analysis and the limitati ons are not taken 

into account. 

Table 5.2 li sts the machine parameters for different major radii, where the engineering 

constraints (Bmax = 13 T, d = 1.4 m) are conserved, and the pl asma safety factor is fi xed 

to the Q'¥ = 3. 

Figures 5.4~ 5.6 show the various parameters as a functi on of the major radius. The 

plasma current requirement for the ignition condition decreases as the major radius in -

creases. The confinement scaling given by Eq. (5. 19) shows that as the major radius 

increases, a small plasma current is suffi cient to get the same confinement time, since 

I p ~ l / R ' l.2/ 0 85> ~ l / R 1.4 . This means that the inducti ve flu x needed to build up the 

plas ma current ('Pp = Lpfp) is insensiti ve to the majo r radius shown in Fig. 5.6, there

fo re, a large amount of the magnetic fl ux is avai lable to sustain the plas ma current during a 

pl as ma burning period, as the major radius increases. In addition, since the bootstrap cur-

rent fraction increases because of the high aspect ratio, Figure 5.5 shows that the plasma 

current fracti on needs to be driven inducti vely by the ohmic transformer is remarkabl y 

reduced with an increase of the major radius. Consequently, it is shown in Fig. 5.4 that a 

drastic extension of the pulse length is expected from a alight increase of the major radius. 

Furthermore , in small major radius devices (R < 8 m) the number of cycles of me

chanical stress becomes 105 times or more. This means that the coil thickness calcul ated 

with Eq. (5 .30) would be underestimated from the viewpoint of the fati gue problem. A 

thicker coil is necessary for these devices , and the pulse length shown in Fig. 5.4 would 

consequently be reduced much more. 

The disadvantage of the large major radius device is the increase of the magnetic stored 

energy in the TF and the CS co il s. The sto red energy of the CS coi l becomes large as 
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comparable with the TF coi l at R > 12m. It seems from these considerations that an 

IDLT reactor with a major radius R. ~ 10m is reasonable. 

Standard IDLT reactor design 

To provide suffi cient magnetic flux in the ohmic transformer for a long pu lse operation, 

the plasma major radius of the TDLT is larger than that of standard tokamak reactors . 

For the parameters related to the engineering constraint , the values realizable with the 

current technology have been chosen under the design baseline of IDLT reactor described 

in Chapter 3. 

The maximum toroidal fi eld Bmax is set to be 13 T, whi ch is adopted in the ITER EDA 

design [63]. The di stance between the plasma and the TF coil is taken to be d = 1 .4 min 

the inboard side, as in the SSTR design. 

Although the major radius is rather large, the plasma volume, which may reflect on the 

reactor cost, is comparable with other dev ices, because a plasma with a small minor radius 

is sufficient to achieve an ignition condition. The plasma current , which plays an essential 

role in the confineme nt scaling, is 12.4 MA if the H-factor is taken to be fH = 1.8, i.e., 

H-mode is expec ted. 

The wal l reflection coefficient of the synchrotron radiation power R s is taken to be 0.9. 

At high temperatures, synchrotron radiation loss plays an important role, as discussed in 

detail later. Since plasma with a higher temperature is desirable for the reduction of the 

loop voltage, the operat ion point is de tennined at (T) = 13 keY, (n) = 1.45 x 1020 j m3 

When a flux swing of B.L = ± lOT is employed in the IDLTreactor, the total transformer 

flux 'Ptot becomes 1653 Wb. The flux consumed to build up the plasma current is 'Pp = 

Lpfp = 312 Wb, and the remainder ('Pres ~ 1300 Wb) is avai lable to sustain the plasma 

current, which makes a remarkable long operation of 6 ~ 7 hours or longer possible. In 

the IDLT reactor, the res istive consumption of the flux at the start up phase 'P stan is a few 
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tens ofWebers, and it is small compared with the flux 'Pres available to sustain the pl asma 

current. 

The plasma current is rather small , this is convenient for the long pul se operati on and an 

additional current drive is small if necessary. The inclusion of~ SO% bootstrap current 

also make it possible to operate the reactor for long operation [8S]. The bootstrap current 

fraction is larger because of the high aspect ratio of the plasma. 

Total number of heat cycles during the plant life (~ 30 years) range from several thou-

sands to tens of thou ands, which is about two orders of magnitude lower than that of a 

conventional pulsed tokamak reactor like ITER. Therefore, it is expected that the therrnal 

and the structural fatigue caused by this cyclic operation is within the acceptable limits. 

5.3.2 Plasma analysis with POPCON diagram 

Energy confinement scaling law 

POPCON plot (Pl asma OPeration CONtour plot) is a contou r plot of a necessary aux

iliary heating power for the self ignition in the (T)-(n) space, where (T) is the den ity

weighted average temperature and (n) is the volume-average electron density [84]. This 

plot can be obtained by solving a zero-dimensional power balance equati on described by 

dW 

dt 
(PoH + Pa. - Pcond- PBr - Psync)l/p + Paux 

0 , (S .3 1) 

where W is a plasma therrnal energy, and PoH• Pa.. Pcond• PBro Psync, Paux are the 

total powers of the Ohmic heating, the alpha particle heating, the confinement loss, the 

Bremsstrahlung radiation loss, the synchrotron radiation loss and the additional heating in 

MW, respectively, with the plasma volume Vp . Details of these terrns are given in (49]. 

The global energy confinement time is denoted by rE [SO], and it is defended as Eqs. (S. I6) 

and (S.l8). There are some proposals for the energy confinement time for auxiliary heated 

plasma, TEH· and typical scalings for L-mode plasmas are presented as follows: 

----
ITER89 power law (L-mode) scaling (49] 

7 ITER89-P 
E 

p (Pol l + Pa.- PBr - Psync)Vp + Paux , 

ITER89 offset-linear (L-mode) scaling (49] 

7'!TER89-0 
E 

Goldston L-mode scaling [SO] 

0.04.4?·5 1g5 Ro.3ao.s,_o.6 

+ 0.064A?·z Igs R'-6ao6,_o. ziiz~6 80.35/ p , 
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(S.32) 

(S.33) 

(S.34) 

(5.35) 

Sometimes, the energy confinement time for the H-mode plasmas are represented by 

7 EH = fHr~TER or Goldston , (5.36) 

Recently the scaling law of the energy confinement time for H-mode plasmas is established 

[86] as 

ITER90 H-mode ELM-free [76] 

?' ITER H90-P ELM-free = 0 064 -!9·5£0.87 ,O.I2R!.49 .0.35- 0.098 0.15 - 0.5 
E · · 1 p .--1 li 1lzo P (5.37) 

ITER90 H-mode ELMy H-mode [76] 

ITER H90-P ELMy _ O 7S ITER H90-P ELM-free 
rE - . rE . (5.38) 

For the example, POPCON plot with ITER89 power law (L-mode) scaling is obtained 

from Eqs. (S.l6), (S.3 1 ), (S.32), and 
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Solving these equations, Paux is given as, 

P _ -Co+ Jc~- 4C2 
aux -

2 
, (5.40) 

where 

Co 

Ct 

P' 

POPCON plot of standard IDLT parameter of ITER89 power law (L-mode) scaling is 

showninFig.5.7. Operatingpointischosentobe (T)= 13 ke Y, (11 )= 1.45 x 1020/ mJ. The 

beta limit with the Troyon factor g of 3.0 and the fusion reactor output pf . of 2 7 GW 
USIOn · 

is also shown in the figure. Operating point of IDLT reactor is located in a hi gh temperature 

and a low density region, where the plasma is stable for the thermal instability [87-90]. 

IDLT Reactor is a high aspect ratio reactor (rl = 5.3). In contrast, ITER(CDA) is low 

aspect ratio reactor (A = 2.8). Comparisons are shown in Table 5.3. There is a dispersion 

from each scaling law. For each scaling law, H factor of IDLT reactor is smaller than that 

of ITER. 

Spatial distribution of the temperature and the density 

Spatial distribution of the plasma density and the temperature is characterized by a, 

and err defined by Eq, (5.13). These distributions are shown in Fig. 5.8. Standard values 

of these profile parameters are that cr,. ~ 0.5 and or ~ 1.0. 

I h' I · ITER89P n t ts ana ysts, TEH = fHrE - and fH value necessary for self ignition at the 

operating point for various o,. and err are calcul ated. The result is shown in Fig. 5.9. 

From thi s figure, as cr .. and crT values are getting larger, that is, spatial di stribution becomes 
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more peak, H factor is relatively smaller. From the JET experiment and simulation results, 

the distribution ofT and n is more broader than above values, such as cr .. ~ 0.2 , ar ~ 

0.8. The H-factor at this distribution T and n is about 2.0 by Fig. 5.9. It is possible to 

realize such plasma, because H-factor of about2.0 is shown in many H-mode experimental 

resu lts. 

Auxiliary heating power for ramp-up 

In this analysis, 1TER89 power law (L-mode) scaling is used as the energy confinement 

scaling law. From the POPCON plot (Fig. 5 .1 0), auxiliary heating power of 25 MW is 

enough to enter the se lf ignition region because the auxiliary heating power at the saddle 

point is about 22 MW, where (T) is 10 keY and (n) is 0.85 x I020 f m3 The period of 

auxi li ary heating, however, is not cleared from the POPCON plot. The necessary amount 

of auxiliary heating power and heating period is estimated the following. 

The auxiliary heating power is started rectangularly during the In [s] as defined, 

P ( ) 
_ { P (0 :S: t :S: In) 

aux I -
0 (I 2: In) . 

(5.41) 

and n2o is given as a priori as a quartic equation of the temperature to pass around the 

saddle point. The feedback system would be adapted for controlling the density to keep 

the path. The ramp-up trajectory in (T)-(n) space is shown in Fig. 5.10. The helium 

concentration is assumed the constant in this analysis, the fractional thermal alpha density 

!o = no/ne = 0.1, of course, it varies during the real operation. The spatial distributions 

ofT and n are expressed by Eq. (5.13), where or = 1.0 and a,. = 0.5. 

Power balance equation for describing the plasma thermal energy is 

where, 

W = (3nkT), 

dW 
dt=P, 

3nkT = 0.481 n20T10 [MJ/m3
] , 

(5.42) 

(5.43) 
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P = (PoH + Pa - Pcond- Psr- Psync)\lp + Paux . 

From Eqs. (5.42) and (5.43), a differential equation for plasma temperature is derived 

as, 

where 

dT10 

dt 
I +a, +O-r 
----:---c-:'-:---'- P ' 

0.481nd 
(5.44) 

Using Eq.(5.44) and Runge-Kutta method , the ramp-up phase i s imulated to reach the 

self-ignition region. 

Figure 5.11 shows the plasma temperature eval uation for each Paux value . From the 

POPCON plot, the auxiliary heat power of 30 MW is enough to enter the self ignition 

region , but it takes about 60s to reach ignition. If the auxili ary heating power of 40 MW 

is used, the heating period is about 30 s. In the case of auxiliary heating power of 50 MW, 

the heating period is about 20 s . Therefore, 40 MW auxiliary heating power is suitab le for 

ramp up of lDLT reactor. 

Thermal instability 

The thermal instability is driven by the strong temperature dependence of the DT reac-

tion rate. This instability may lead to the plasma conditions where the physical and the 

engineering constraints, such as the beta limit and the neutron wall load ing limit, are vio-

lated. To suppress the thermal instability, a number of active burn control methods were 

suggested including auxiliary power modulation, modification of the fuel injection rate, 

injection of impurities, ripple-induced transport, and adiabatic compression and decom-

pression [87]. 

From POPCON plot in Fig. 5.7, the operating point of lDLT reactor is located at the 

high-temperature and low-density region and its plasma has an inherent stability for the 

thermal instability. If the plasma temperature increases from the operating point for some 
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reason, the necessary auxiliary heating power sustained self-ignition also increase, then 

the temperature decrease. On the other hand , if the plasma temperature decreases, the 

necessary auxiliary heating power decreases in this case, then the temperature increases 

again. Therefore, the operating point is stable for the thermal instability. 

Figure 5.12 shows this relation. The small positive thermal perturbation is given to 

steady-state phase at 50s and the negative one is given at 200 sin this figure. In both case, 

the temperature recovers to original point in recovery rate of about 20 s. 

The low-temperature and high-density region is unstable for the thermal instability for 

same reason described before. ITER (CDA) had decided that the operating point located 

such the region for the consideration of divertor heat load, and is needed the feedback 

system to keep the operating point to be fixed [76] . 

To estimated the thermal ins tability in the simple way, it may be instructive to assume 

that the density is maintained at it working point value, n = n 0 , by a separate density 

control system. Then, temperature variations are needed to be considered. The time scale 

of the energy variation is faster than that of the density may be an argument in favor of 

thi s view. 

From dividing the energy equation, Eq. (5 .14), by the constant density, 

dT = F(T) 
dt ' 

(5.45) 

can be obtained (91]. The stability is analyzed by linearizing around an equilibrium oper-

ating point T0 (F(T0) = 0), and 

F(T) ~ (T - T0) -- = (T - To)F (T) . dF(T)I I 

dT T=To 

Integration then gives 

T- T0 = [T(O)- To] exp[F'(To) t] , (5.46) 

where T(O) is the temperature at time 0. Clearly, the exponential growth or recovery of 
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a perturbation is according to whether F'(T0) > 0 or F'(T0) < 0 and growth or recovery 

rate is defined as r = I / F' (To). 

The contour plot of the growth or the recovery rate for the thermal instability of IDLT 

reactor is shown in Fig. 5.13. In this figure, energy scaling law is ITER 89 power law 

and the H-factor is 1.80 to ignite at the operating point. POPCON plot is shown by thin 

dashed lines and the value of necessary auxiliary heating of MW. Negative value means 

the recovery rate and positive value means the growth rate of instability. The thi ck line 

with infinity symbol is the boundary between the stable and the unstable. The vicinity of 

operation point of IDLT reactor (13 keY, 1.45 x 1020 j m3) is in stable region for thermal 

instability and its recovery rate is about 22 s. This result agrees well with the result of 

Fig. 5.12. 

Another possibility is the growth of plasma density 11 perturbations [92]. In this case, 

onl y n is variation and use the same method T-pe rturbation described before , 

dn =F(n) 
dt ' 

n- no = [n(O) - llo ] exp[F'(71o) 11 ] , (5.47) 

are derived. 

Figure 5.14 shows them1al instability produced by plas ma density pe rturbation with 

POPCO plot of IDLT standard parameter. The denotation is san1e as Fig. 5. 13. The 

vicinity of operation point of IDLT reactor is in unstable region and its growth rate is 

about 10 sec, however, the growth rate for the actual plasma would be much small er than 

that zero-dimensional calculation results. The mechanism of the instability is considered 

that the increase of n makes the fusion power large and induces the fuel in the first wall 

into the plasma, then n increases again. Therefore , the source of the fuel concentrates in 

the peripheral region of the plasma and the growth of n-perturbation would be slower due 

to the delay of the penetration. Even though this thermal instability can not be stabilized 

completely, this instability could be suppressed by the density control if the growth time 

is slow enough. 
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5.3.3 Summary 

Zero-dimensional plasma analysis is investigated in this section. 

• The plasma major radius of IDLT reac tor is determined as I 0 m. The major radius 

of 8 m, the pulse length is less then I hour, and the major radius of 12m, the stored 

energy of the CS co il is as large as the TF coil. 

o The various energy confinement time scaling law provides the different H-factor, 

but gives same stable trends for the thermal instability. 

o The spati al distribution of the plasma temperatu re and the density vary the H-factor 

for self ignition. More peak profile makes H-factor to ignite lower. 

ecessary auxiliary heating power is 40 MW for 30 s . 

o Thennal instabili ty is considered quantitatively. The operating point of IDLT reac

tor is stable for the thermal instabi lity and recovery rate is abo ut 20 s. The high-

temperature and the high-density plasma has more shorter recovery time. The ther

mal instability caused by the density perturbation is also considered. The operating 

point of IDLT reactor is unstable for it, but it could be suppressed by the density 

control. 

5.4 Magnetics design and operation pattern 

5.4.1 Plasma equilibrium 

In thi s section, the analysis from the viewpoint of the plasma equilibrium is described, 

such as, the sensibility of the plasma parameter to poloidal field (PF) coil, comparison 

between the double null (ON) configuration and the single null (SN) configuration, the 

vertical instability with the ON configuration, and the center solenoid (CS) coil which 

supplies the magnetic flux. From this analysis, the condition of the plasma equilibrium is 

defined , the current and the position of PF coil are determined. 

The codes for the calculation of the plasma equilibrium are "EQUCIR" [41] and "EQUCIR2" 
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[42] . EQUCIR is used for the ON configuration and EQUC 1R2 is used for the SN con

figuration . The principle of these code is to solve the Grad-Shafranov equation under the 

arbitrate boundary condition with the Green function. They can al so solve the PF coil 

currents necessary for the arbitrate plasma shape by iterative calculation of the plasma 

equilibrium. The code for estimating the magnetic flu x of CS co il is " MGFLO", which 

calculate the magneti c fi eld treated as the body current (40 , 93]. 

Sensibility of the plasma parameter to PF coil 

The sensibility analysis of the plasma parameter, such as an elongati on K, a tri angularity 

b, an internal inductance li , and a poloidal beta ,Jp to PF co il is descri bed below. In thi s 

analysis, one parameter is selected to be varied, the other parameters and PF co il pos ition 

are fi xed. The plasma with the ON configurati on is analyzed based on the IOLT standard 

parameter, a major radi us R = I 0.0 m, a minor rad ius a = 1. 87 m, K = 1.85, h = 0.4, 

li = 0.80, and J p = 1.25. Figure 5.15 shows the example of the cross section of the 

plasma and PF coil. The PF coil curren t necessary for the equilibrium is also shown in 

this fi gure near each PF co il. The sign of the PF coil current co rresponds to that of the 

plasma current. Table 5.4 li sts the coil position and the co il current. 

The evaluated parameters are 

• the total stored energy of PF coil Wcoil , 

• the divertor coil current lcti v , 

where Wcoil is defi ed as Wcoil = ! LiJ M,i l ,I" M,1 is the mutual inductance between ith 

and j th PF coil , and I, is the current of i th PF coil. Oivertor coil is denoted by PF#3 in 

Fig. 5.15 . 

Results are shown in Figs. 5.16~5 . 19. Figure 5.1 6 shows the effects on 1\fcoil and 

Idiv by the elongation r;, where the triangularity b is varied from 0.1 to 0.4. Both Wco il and 

lctiv are getting smaller when K becomes larger, espec ially Wcoil is remarkably increased 
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when r;, ::; 1.6. Therefore, it is desirable to design the plasma with r;, ;::: 1.7 from the 

viewpoint of PF coil. The triangularity b does not clearly effect Wcoil and lctiv , as shown 

in Fig. 5.17, Wcoil and fctiv are sli ghtly decreased with the increase of b. In Fig. 5. 18, 

the plasma current profile represented by the internal inductance l i is taken into account. 

l i = 0 .5 means that the current profil e is flat and li = 1.0 means that the current pro

file is parabolic. When li is increased, that is, the current profile is more peaked profile, 

Wcoil and fcti v becomes smaller. The effect of the poloidal beta (Jp is al so taken into ac

count in Fig . 5. 19, and it is found that its effect is rather small . These trends are al so true 

in the case of the S configurati on. 

Comparison between the ON configuration and the SN configuration 

With the SN configurati on, it is poss ible to design the non-axisymmetry plasma which 

have diffe rence the upper and the lower plasma shape, such as the elongation and the 

triangularity, and the position of the magnetic ax is, therefore , the S configuration has 

more free degrees than the 0 configurati on. To compare both configuration, the top and 

bottom locations of the plas ma column are fi xed to those of the ON configuration shown 

in Fig. 5.15. 

Under thi s restricti on, Fig. 5.20 shows 11 ·coil and lctiv of the plasma with the SN config

uration when the magnetic axis moves upward Zshift [em] from the center of the plasma. 

The upper and the lower triangularit y are c5up = 0.0 and blow = 0.4, and a null point is 

located lower. The values of ll .coil and Idiv for the ON configuration are also shown in 

thi s figure. 

Wcoil and lctiv have a minimum value around Zshift = 60 em, and they are about 40% 

smaller than those of the ON configuration. After the more optimization of the coil posi

tion and the connection between coils, IVcoil becomes lower. The plasma paran1eters are 

chosen as Kup = 1.44, KJow = 2.26, and Zshift = 60 em. The other parameter is same as 
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the ON configuration. The plasma and the PF coil cross section for the SN configuration 

is shown in Fig. 5.21, and is listed in Table 5.5. From Tables 5.4 and 5.5, Idiv is almost 

same for both configuration, however, II' coi l of the SN configuration is about 40% smaller 

than Wcoil of the ON configuration. 

Generally speaking, the SN configuration is more advantageous than the ON configura

tion from the viewpoint of the divertor. Since the magnetic ax is can be shifted upward in 

the SN configuration, the space of the divert or room is wider than that of the ON config

uration, and the divertor plate area, where the particle and the heat from the mai n plasma 

should be handled, can be taken widely. The maintenance of the divert or plate is rel 

ative ly easy, because the divertor plate is located on ly one-side. It is favorable for the 

remote mai ntenance. 

Vertical instability 

The plasma of lOLT reactor is a non-circular cross sec ti on because the elongated cross 

section plasma takes the advance of higher ,3 value. The elongati on of the plasma away 

from a circular cross-section , however, leads to the possibility of an axisym metric insta-

bility. The vertical instability is the most dangerous one, it results in a vertica l moti on of 

the whole plasma [94, 95] . 

Without the conductors or when the conductors are far away from the plasma, the mode 

grows on a magnetohydrodynamic (MHO) time scale 1 ~ vAfa , where VA is the Alfven 

velocity and a is the plasma minor radius. If the first wall is a perfect conducting material 

or the coil system is located closely enough to the plas ma, the instability can be stabili zed. 

The conductor with the finite resistance cannot completely stabilize the instability, but can 

slow it down to about the field penetration time L/ R, where Land Rare the inductance 

and the resistivity of the stabilizing system, such as the vac uum vessel, the PF co il , and 

the TF coils. On this time scale, the feedback control can be used to restore the stability. 

To evaluate the vertical instability, 11- index of the equilibrium field is defined as, 

R EJB, 
n p = B, oR ' 
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(5.48) 

where R is the major radius, B, is the vertical component of the equilibrium field. In the 

circle cross section plasma, 11 is greater than 0, and 0 < np < 1.5 is the stable criterion for 

the vertical movement. In the case of the non-circle cross section, np is less than 0, and 

it is unstable for the vertical movement, however, it could be suppressed by the magnetic 

field grown by the eddy current. The eddy current is induced by the movement of the 

magnetic field of the plasma. The n -index of thi s field ns is positive and if np + ns > 0, 

the plasma is generally stable for the vertical instability. Assume that the plasma moves 

as rigid body, the moveme nt is defi ned as z(f) = zo ex p(/tl. where 1 is the growth rate of 

the plasma, then 115 is a function of ~, . 

The plasma parameter which is analyzed here is IDLT reactor with the ON configuration, 

where R = I 0 m, a = 1.87 m, and fi = 1.85. The vacuum vessel surrounding the plasma 

has no port and no divided for a simple estimation. The one- turn resistance of the vacuum 

vessel Rv is 8.3 ,,n. The clearance between the plasma su rface and the inner side of the 

vacuum vessel is about I m, taken the blanket into account. In this anal ysis, the effects of 

the blanket, PF coil and TF coil is not considered. 

The n- index of the equilibrium fi eld n p is estimated by EQUCIR, MHO plasma equi

librium code [41]. and then-i ndex of the field induced by the eddy currents is estimated 

by EDOYTOR6, eddy current code [96]. 

Figure 5.22 shows the dependence of one-turn resi stance Rv to 11-index, where Rv is 

varied as 1.7, 8.3, and 42 ttO. The plasma elongation is fixed to 1.85 in this calculation. 

From EQUCIR code, n p is estimated as - 2 .26. In the case of Rv = 8.3 ttO, the vertical 

instability is stabili zed till 1 ~ 10 s- 1 and in the case of Ilv = 1.7 110 , it is stabilized 

till / ~ 3 s- 1
• The vacuum vessel with the lower one-turn resistance can stabilize the 

instabi lity of the lower growth rate. 
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In this case, a marginal index 111 is defined as, 

ns(')') - lip 
111(')') = ( ) , 

ns ')' 
(5.49) 

for the uncertainly of the realistic plasma motion e ffect, and 111 > 0.3 is the criterion for 

the vertical instability. 

Table 5.6 shows the dependence of the plasma elongat ion to the marginal index m. flv 

is a constant as 8.3 p0. and m is evaluated at the ') = I 00 s 1
• In the case of;..· = 1.85, 

m is 0.14, it is not satisfied above the criterion. When the elongati on is reduced to 1.7, 111 

is 0.32, which is about double value at li = 1.85, the cri teri on is sati sfied. Therefore , the 

elongation of IDLT reactor is adopted as 1.7 from the viewpoint of the verti ca l instability. 

CS coil design 

Winding method of CS coil There are two alternatives for the center solenoid (CS) 

wi nding layou t. In the first the coils are wound as pancake which wind the conductor 

from the outer to the inner and from the inner to the outer. This method is adapted in 

ITER CDA [97]. The merit of this method is many free degree of the plasma equilibrium 

contro l for dividing the CS coil and controlling the current of each pans, and the demerit i 

the complex of the connection of each parts, the feeder might be wired vertically toward 

the CS coil and would be caused the electromagnetic force . The another demerit is the 

difficulty of the coolant of the superconductor. In the alternative the wind ing is layer 

winding, which wind the conductor from the top to the bottom and the bottom to the 

top. This method is adapted in ITER EDA [63]. The merit of thi s method is the simple 

connection of each layer of the conductor because the electri cal terminals ex ist onl y top 

and bottom of the CS coil and could be avoided the electromagnetic force to elec trica l 

terminals enough apart from the edge of the CS co il. But the demerit is the small free 

degree of the plasma equilibrium control because the CS coi l is made only one part. 

The following analysis is mainly on the compari son between the pancake wi nding and 
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the layer winding from the viewpoint of the plasma equilibrium. The plasma parameter 

and the coil position are li sted in Table 5.4 for the DN configuration and Table 5.5 for the 

SN configuration. 

Figure 5.23 shows the plasma equilibrium with the DN and the SN configuration whose 

CS coil is winding by the pancake windi ng and Fig. 5.24 shows the plasma equilibrium 

whose CS coil is winding by the layer wi nding. The divertor coil current is increased from 

12.0 MA to 20 MA and the CS coil current is also increased from the pancake winding 

to the layer winding in the case of the DN configuration. On the other hand, the divertor 

co il current is almost same and the CS co il curren t is decreased in the case of the SN 

configurati on. Table 5.7 li sts the stored energy of both cases. The stored energy of the 

D configuration with the layer winding is twice as the one with the pancake winding, 

however, the stored energy of the SN configuration wi th the layer winding is slightly larger 

than the one with the pancake winding. 

From these results, the layer winding could not be adapted in the plasma with the DN 

configuration, but could be adapted the plasma with the SN configuration. 

The Estimation of the magnetic flux supplied by CS coil For investigating the effects 

of the he ight of the CS coi l to the electromechanical parameter, such as the magnetic flux , 

the stored energy of the CS coil , and the inner-side force, the height of the CS co il is varied 

from 8 m to 14m. The max imum magneti c fi eld is fi xed by 13 T, wh ich is adopted by 

ITER EDA [63] . 

The magnetic flu x '¥(1·), the stored energy of CS coil ll'cs, the inner-side force FR are 

defined as, 

'Jl(r) = fo' 21rr ' B , (r') dr', 

in
' B~ (r') 

l lfcs = max -·- · 21rh.T' d1·' , 
r=O, o 2p0 

in
, B~(r') 

FR = max - - - · 21r h dr' , 
'=O,oo o 2 ~to 
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where h is the height of the CS coil , and {to is the space penneability. 

Table 5.81ists the Electromechanical parameter and Fig. 5.25 shows the trends of it. The 

unit is the value of the height of 10m in thi s fi gure. 't'max is almost constant, however, 

Wc s and Fn is increased linearly. 

From these results, the he ight ofiDLT reactor 's CS coil is detem1ined I 0 m. The another 

reason of thi s determinati on is the mechanical tructure, that is, the CS co il and the TF coil 

could be constructed one body structure with bucking cy linder which is proposed ITER 

EDA (63] . 

Plasma equilibrium of IDLT reactor 

From the analysis of thi s section, the trends and the limitati ons of the plasma and the 

CS coil are descri bed as following: 

• The plasma with single null configu ration is better for small stored energy. 

• The plasma elongation migh t be decrease to 1.7 fo r vert ical in Labil ity. 

• The CS coil can be made fro m one part (layer winding). 

• The height of CS coil of I 0 m is enough to supply the magnetic flu x to the plasma. 

In summary, these results, Table 5.9 li sts the principle parameters of IDLT reactor with 

the SN configurati on. The plasma equilibrium is shown in Fig. 5.26. The nex t secti on is 

di scussed the capacity of the power suppl y of PF co il , based on this plasma parameter, PF 

coil number, and the pos ition. 

5.4.2 Operating pattern 

One of the key points of the pul sed reactor is the dwell time. If it could be ignored 

in comparison with the operation time, the fusion output looks like the continuati on and 

the power compensation system is not needed. If it would be take a long time, the power 

compensation system is needed for the continuous electrical output and the cost of the 

fusion plant system grows expensive. Therefore, the dwell time have to be as short as 
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possible. To shorten the dwell time, in Sec. 5. 3.2, 40 MW auxiliary heating power is 

required for the plasma temperature ramp up instead of 25 MW auxiliary heating power. 

The limitation of the speed of the plasma current ramp-up and ramp-down is the PF coil 

power supply system . The capacity of the power suppl y sys tem of I GW is reasonable 

on the commercial reactor. It must also consider the time for the re-charging, after the 

operation the CS co il is magnetized to the max imum magneti c flu x again for the next 

operation. In the following analys is, the capacity of the PF co il power suppl y system is 

estimated and the peri od of the current ramp-up and ramp-down is estimated. 

In the current ramp-down phase, the plasma would disru pt for the violati on of the elec

tron density limit. To overcome thi s disruption, it is proposed that the auxiliary heating 

power is supplied at the ramp down phase. In the case of IDLT reac tor with the DN con

fi guration, the length of the current ramp-down is about I 00 s [98]. The other limitati on is 

the CS co il coolant because the material of PF coil is the supe rco nductor. These limitation 

are not considered in this thesis. 

The AC operation and the hybrid system 

Alternating current operation To shorten the tem1 of re-charging CS co il , an alternat

ing current (A C) operation is applied to IDLT reactor. The AC operation in a reactor can 

be defined as a long fl attop current fl owing in the positi ve toroidal directi on, followed by 

a similar current in the negati ve directi on, and so on [99] . An advantage of AC operation 

comes from the fact that a bias flu x swing is not necessary, due to self-bias that occurs 

naturall y in AC operation. The stored energy in the CS co il after a di scharge can be uti 

li zed for the subsequent di scharge without the re-charging. The dwell time is detennined 

mainly by the sum of the plasma ramp-down and ramp-up times. 

The AC operation was first demonstrated in the STOR-1 M tokamak (I 00]. It was found 

that a smooth transition through the current zero could be made, without the interruption 
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of the ionization. Recently, AC operation is demonstrated in JET with no degradation of 

the plasma purity in the second plasma with respect to the first one [101]. 

Hybrid system The plasma current ramp-up and ramp-dow n times is restri cted by the 

capacity of the PF co il power suppl y system. The PF co il syste m of IDLT reactor is the hy-

brid system, that is, each PF co il produces both the ohmic heating fi eld and the equilibrium 

fi eld, not di scriminate between the ohmic heating co il and the equilibrium fi eld co il [I 02]. 

The merit of this method is simple structure of PF coi l system because a num ber o f PF 

coil is smaJI, and the reduction of the capacity of the power suppl y. 

In this system, kth PF co il current is defi ned as, 

(5 50) 

where IoH is the ohmi c heating current to minimize the erro r fi eld at the max imum mag-

netizati on, IEQ is the eq uilibrium current, <lk is the func ti on of the time and in proportion 

to the magnetic flu x 'P, and .Jk is the functio n of the time and in proporti on to the plasma 

current Ip [96]. The resistance of the PF coi l is ignored because the material of the PF 

coil is the superconductor. Ip is given and IEQ is solved in Sec. 5.4. 1, therefore, h can be 

solved after IoH and 'P are given. The kth coil voltage \ 'k is defined as, 

'\' dh· dl, 
l'k = L .\fkk'- + .lh,-, 

k' dt dl 
(5.5 I) 

where Mkk' is a mutuaJ inductance betwee n kth and k' th PF co il s, Mkk( = Lkl is a self 

inductance of kth PF coil, and Mkp is a mutuaJ inductance between kth PF co il and the 

plasma. The power is solved by the multipli cati on h by I !,. In thi s analysis, the summa-

lion of each co il power is to be estimated. 

Estimation of the error field 

A error magneti c field may enhance the particle diffusion at the current re versal phase 

and induce small disruption due to the plasma move ment. It must be nullified by a com-
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pensation with the poloidal field. The ratio of each PF coil s current is solved by the least 

square method to minimize the magnetic fi eld in a pl asma ignition region. The absolute 

value is defined by the experimental magnetic fi eld of CS coil , in the case of IDLT reactor 

it is equaJ to maximum fi eld of 13 T. The position of PF coil is shown in Fig. 5.26 and 

the ignition region is the circle that the center is located at R = 11 .8 m, Z = 0 m, and the 

radius is I m. 

Fig. 5.27 shows the contour plot of error fi eld . The grey circle is the region of the 

ignition and the thin gray closed line is the plasma surface at the fl attop. The error fi eld 

in the region is less than SO Gauss. Table 5. 10 li sts the electromechanics parameter at 

max imum magneti zati on. Figure. 5.28 shows the magnetic flu x and the PF co il current at 

max imum magneti zati on. 

Figure 5.29 show the verti cal magneti c fie ld produced by onl y the CS coil and the CS 

coil with the PF coil s. The CS coil itself produces the magnetic fi eld onl y about ll T, 

but other PF co il produce the magnetic fie ld to mi ni mize the error fil ed, the experimentaJ 

magnetic fi eld become 13 T. Figure 5.30 shows the magnetic flu x at the center of height, the 

flu x produced by onl y CS coi l is more decrease by the di stance from the center, however, 

the PF coil system produce the flu x fl atten, the decrease ra ti o is onl y 4 % in the plasma 

domain. 

Capacity of PF coil power supply system 

The ohmic heating current at the max imum magneti zation is determined in previous 

section and the equilibrium current at the flattop is detennined in Sec. 5.4.1. Table 5.11 is 

compiled these results. 

Table 5.12 lists the consumption of the magneti c flux. The operation scenario of the 

plasma current, poloidaJ beta, and auxiliary heating power are shown in Fig. 5.31. It is 

assumed that the plasma shape paran1eters are constant during the operation. 
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1. Plasma current ramp up [0 s-> 100 s] The plasma current ramps up linearly from 0 

to 12.39 MA. The inductive and the resistive ftux consumption are estimated as Lpfp and 

Cejima~toRoip. where Lp is the plasma self inductance of 30 11H, fp is the plasma current 

at ftattop of 12.39 MA, Cejima is Ej ima coefficient of 0.4, 11o is the space penneability, 

and Ro is the plasma major radius of I 0 m. From these value, the ftux consumption are 

435 Wb and 372 Wb. 

2. Poloidal beta increase [100 s -> 150 s] With the auxiliary heating power for the 

plasma temperature ramp up, poloidal beta increases to 1.55, and the bootstrap current 

fraction also increases. Then the inductive current decreases and the magnetic flux is 

recovery of Lplbs• where Ibs is the bootstrap current of 5.64 MA calculated by ITER 

guideline scaling [49]. The recovery flux is 169 Wb. 

3. Burning [ISO s -> EOB] EOB stands for end of burn. The flux con~umption is 

estimated as VJooplop. where t'Joop is a one-turn voltage of the plasma, which included the 

effect of neo-classical resistivity and the bootstrap current, that is, 0.052 V, and top is the 

operation time, which is about 7.6 hours for the. initial operation or for the subsequence 

operation with re-charging. In this case the re-charging does not means that make the 

magnetic flux to the initial value, but means that the compensation of the consumption 

ftux of the current ramp down. Figure 5.32 shows the schematic pattern of the magnetic 

flux, where dotted line is the magnetic ftux without the re-charging. In the case of no 

re-charging, the operation time is reduced to be about 5.3 hours. It might not be ignored, 

therefore, by the operation of IDLT reactor the re-charging is important to prolonging the 

next operation time. 

4. Plasma current and poloidal beta ramp down [EOB -> +20 s] After the magnetic 

field of the CS coi ls reached near the maximum field, the plasma current is decrease to 0 
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and the poloidal beta decrease, too, then the bootstrap current is vanished. The decrease 

ftux is estimated as Lp(fpl -Up- Ibsll = 102 Wb, where I pi is the current of interpolated 

from decrement phase at the time of +20 s. The auxiliary heating power is heated for 

overcoming the di sruption caused by the electron density limit. 

5. Plasma current termination [ +20 s ~ + 100 s] The plasma current is decreased to 

the tem1ination. The ftux consumption is estimated as Lp/pl = 305 Wb. 

6. Recharging andre-coolant. [+100 s ~ next operation] The PF coil is magnetized 

for the next operation and its magnetic ftux is 450 Wb. The rate of the re-charging is as 

same as the cu rrent variation during the operation. It takes for about !50 s. There-coolant 

of a CS coil is also done in thi s phase. 

Figure 5.32 shows the schematic pattern of the magnetic ftux. The operation time is 

about 7.6 hours and the flux is swi ng from 985 Wb to -985 Wb. The flux at the end of 

"operation" is not the maximum but at the end of "current and poloidal beta ramp down" 

is the maximum. 

Figures 5.33 and 5.34 show the schematic ftux pattern of the current of PF coils, where 

the thin dashed line is the ohmic heating current, the thin dotted line is the equilibrium 

curren t, and the thick lines is the total current. PF#2 coil is ftown the large current as same 

as PF#6 coil, that is divert or coil, although the equilibrium current of PF#2 is much smaller 

than PF#6. The second operation in this figure means the operation without recharging, 

because the same pattern of the current is repeated in the case of the re-charging. 

Table 5.131ist the inductance of PF coil and the plasma of IDLT reactor. From this table 

and Eqs.(5.50) and (5.5 1 ), the electrical power is solved. Table 5.14 shows the maximum 

PF coil electri cal power for each phase. The numeral with underline is the maximum 

electrical power at each coi l. It is shown the maxim um electrical power demand is about 
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1.1 GW when ip is 0.12 MA/s, and it is reasonable to realize the PF coi l power supply 

system. 

The dwell timet dwell is estimated as the summati on of the plasma curren t ramp down , 

recharging, re-coolant, the plasma curren t ramp- up and the plasma tempera ture ramp-up 

times. In this case, they are 100 s, ISO s, o [s], I 00 s, 40 s, respec tively, where o is the time 

for re-coolant but do not investigated here. The re fore, I dwell is estimated abo ut 400 + n 

[s] , and could be estimated from 7 to 10 minutes . 

Plasma current ramp up with varying the plasma shape 

In the previous analysis, the plasma shape parameter, such as the minor radius a, the 

elongation r;, the triangularity 6, and the plasma configuration , that is, the S confi gura

tion, and the limiter configuration, are fi xed for simple estimati on. By us ing the plasma 

equilibrium code, the plasma current ramp up with va rying the plasma shape can be in -

vestigated. 

The operation scenario is compiled in Table 5. 15. During the ramp up, the minor radius 

and the elongation is getting larger gradually, the plasma configuration is changed from 

the limiter configuration to the single null configuration in a middle of the ramp- up phase. 

This is adopted in ITER CDA and SSTR. The ramp-down phase is the reversibility of thi s 

variation. Figure 5.35 shows the evolution of the plasma cross secti on during the ramp-up. 

The result is shown in Figs 5.36 and 5.37. The magneti c flux 'Pis al so shown. At ramp up 

phase the current produced the plasma from the outer side is less than that from the inner 

side. In ITER EDA, this is also suggested. 

AC loss of CS coil 

The AC loss of the superconductive coil depends on the magnetic field , and the total AC 

loss is the summation of the AC loss of its element, the magnetic filed on the small element 

of the superconductive coil is assumed constant. The maximum field, however, is used for 
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the calculation for the AC loss in due to the simplify although it might be overestimate. 

The AC loss of the superconductive coil consists a hysteresis loss Qh, a coupling loss Qe. 

and an eddy-current loss Qe. Each terrn is given the following equations, 

(5 52) 

Qe = I e--- I - - I - exp I - -, 68
2 

Tee ( Tee ( ( Tp ) ) ) 
Jlo Tp Tp Tee 

(5.53) 

Qe = I e-- I - - I - exp I - -, 6B
2

Tce ( Tee ( ( Tp ))) 
Jlo Tp Tp Tee 

(5.54) 

where Je is the criti cal cu rrent density, Dr is the effecti ve diameter of the filament , Ie is 

the criti cal current, Po is the vacuum permeability, 6B is the varied magnetic filed, Vh is 

the volume which occur the hysteres is loss, I e is the volume which occur the coupling 

loss, I c is the volume which occur the eddy-current loss, Tp is the time constant of the 

varied magnetic field, Tee is the time constant of the eddy-current on the conduit, and Tee 

is the time constant of the coupling loss on the conduit. 

The hysteresis los is mainly dominant on the operating of JOLT reactor. The strand of 

the superconductor is ass umed that it was made of Nb3Sn and its dian1eter is I 0 p m, the 

critical current density is 540 A/mm2 on the magnetic fi eld of 12.5 T. The hysteresis loss 

is estimated 340 mJ/cm3 This value is lower than that of ITER (600 mJ/em3) because the 

time variation of magnet ic field of IDLT is smaller than that of ITER; IDLT B = 0.08 T/s, 

ITER B ~ 0.2 T/s. 

We must know the number of layers and the number of turns of CS coil for estimating 

the AC loss of CS coil. We decide that CS coil is 16 layers and 175 turns from the total 

2800 turn. The size of the strand is 57 mm x 57 mm. An thick of insulator between the 

layers is 3 mm. The total length of strand is estimated as 87600 m and the volume Se is, 

Sc = 80[kA]/520[A/mm2] x 87600[m] = 1. 35 x 107 [cm3] . (5 55) 
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The result is shown in Fig. 5.38. Forward Current (FC) operation is enlarge the hysteresis 

loss on the re-charging period because the time variation of the magnetic field is so large 

at the low magnetic field. It is advantage for AC operation that the hysteres is loss is low 

during the operation. 

5.4.3 Toroidal field coil 

The toroidal ripple due to the finite number NTF of the toroidal field (TF) coils causes 

the ripple-trapped particles [103, 104]. It should be as small as poss ible, because it cause 

the bad effect on the diffusion coefficient of the bulk ion, the them1al conductivility, and 

the confinement of the alpha particles. 

Magnetic field ofTF coil is calculated and the toroidal ripple of IDLT reactor is obtained. 

The cross section of TF coil of JOLT reactor is shown in Fig. 5.39. The thi ckness of TF 

coil is reduced 0.7 times for the radial and the toroidal direction because of the insul ator 

and the can case. 

The code of the magnetic field calculati on does not use the line current approximation, 

but treats as the body current [40, 93]. This code "MGFLD" can calcu late the magnet 

field of the various shape coils in combining the basic element, a pillar-shape co il and an 

arc-shape coil. 

From the calculation of the magnetic field B(:c, ¢, z) at the arbitrary point (.1'. ¢ , .::- ), the 

ripple is defined as 

where 

0(7·, z) = Bmax(r, z)- Bmin(r, z) x 100 [%] ' 
Bmax(r, z) + Bmin(T, .::-) 

Bmax(T,z) = max B(x,¢,z) , 
os.;s<~>ct 

Bmin(r, z) = min B(x , ¢, z) 
OS¢S¢ct ' 

d "' . 27r an 'I'd IS a constant defined by -- . 
NTF 

(5.56) 
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Maximum ripple on the plasma surface exists at the upper outboard position (R = Ro+a, 

z ~ 2.5 m). In ITER CDA, maximum ripple is required smaller than 2% [49] . In the 

case of IDLT reactor, the TF coil system of 24 TF coils is feasible for this requirement. 

Figures 5.40 and 5.41 show the toroidal magnetic field and the ripple. The grey line means 

the plasma surface and the maximum ripple is about 1.5%, which is satisfied the above 

criterion. 

To investigate the effects of the size of the TF co il to the ripple, the center of gravity 

of the TF coil is moved 0.1 m outer and inner from Fig. 5.39. By the TF coil which the 

gravity movement is 0.1 m inner, the maximum ripple is increased to 2%. On the other 

hand, by the TF coil which the grav ity movement is 0.1 m outer, the maximum ripple is 

decreased to I%. 

Consequently, the size of TF coi l could be more smaller than the basic design, but for 

the re liance the size of TF coi l is determined as the basic design. 

5.4.4 Summary 

Magnetics of IDLT reactor is investigated in this chapter. 

• The poloidal coil number and the position are optimized with the double null plasma 

and the single null plasma. 

• The effects of the plasma shape parameter, such as, the elongation, the triangularity, 

and the internal inductance to the stored energy of the poloidal coil is investigated. 

If the elongation is less than 1.6, the stored energy become remarkably larger. 

• The vertical instability is investigated in the case of the double null plasma. When 

the elongation is larger than 1.8, the plasma is unstable for the vertical movement 

because IDLT reactor is high aspect machine. The elongation of 1.7 is modest for 

IDLT reactor. 
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• The layer winding could not be adapted in the plasma with the double null config

uration, but could be adapted the plasma with the single null configuration. 

• The double null plasma and the single null plasma are compared under the same 

restriction. The stored energy of the single null plasma is smaller than that of the 

double null plasma. 

• The operating pattern of IDLT is the alternative current operat ing because of the 

reduction of the time for the re-charging. 

• The pulse length of JOLT reactor is estimated. The initial pulse length is about 7.6 

hours and the pulse length after the first pulse is about 5.3 hours without the re

charging. Therefore, the compensation of the consumption at the plasma current 

ramp-down by the re-charging let the pulse length prolong till the first pulse length. 

The coolant of the so lenoid coil, however, i become more hard. 

• The capacity of the poloidal coil system of IDLT reactor is about 1.1 GW. The error 

field can be less than 50 gauss in the airer of the initial plasma ignition . 

• The toroidal coil number and size are also decided by the fact that the toroidal ripple 

should be lower than 2 %. This value is valid in such a ignition-like reactor. 

5.5 Commercial reactor with the advanced physics 

5.5.1 Introduction 

Assuming the conservative physics and the conventional technology, inductively driven 

long pulsed tokamak reactor (IDLT reactor), commercial reactor, is designed in this chap

ter, where a major radius R of 10m is necessary to make sure of a pulse length of several 

hours. If long-pulsed operation is possible with a smaller radius device, it is quiet attrac

tive from the economical viewpoint. Recently, plasma physics has advanced, especial ly 

in the plasma confinement capability (H mode factor of 3 ~ 4) and toroidal beta limit 

(Troyon g = 4 ~ 5) (105]. Here in thi s section, the impact of the progress of the plasma 
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physics is examined on the performance of a pulsed tokamak fusion reactor [I 06], which 

called "Advanced IDLT reactor". The YH-mode (107] whose H mode factor is 3 ~ 4 

and the high bootstrap current ratio [8,108] is assumed on the process of the designing of 

Advanced IDLT reactor. 

5.5.2 Results 

Main parameter decision 

We design a device with R = 7.5 m under the conventional engineering constraints, 

Bt,max = BoH,max = 13 T. Other parameters employed are that A= 4, "- = 1.7, 8 1 = 7.32 

T, and fHe = I 0 %. If a confinement enhancement factor H from ITER89-P scaling of2.6 

is expected, a plasma current fp of 10.6 MA (qj95%) = 4 and b = 0.3) is sufficient for 

attaining the ignition at the average density (n.) of I.8 x I020/m3 , where a fusion power 

Prof 2.7 GW is available . The fraction of the bootstrap current is estimated to be 70 ~ 

80 %, depending on the profile of the safety factor q(r) . Since the total flux <1>101 of 600 

Wb is available with this device, the pulse length sufficient for an electric power demand 

in the daytime (5 ~ 8 hours) is achievable. 

During the night a fu sion reactor should be operated with a reduced fusion power for 

longer period. Here we reduce the fusion power down to 1.5 GW, by decreasing the plasma 

density down to (n.) = 1.3 x 1020/m3 When the fusion power is reduced, the pulse 

length is general ly shortened, because the bootstrap current fraction decreases due to the 

decrease of the poloidal beta value. To overcome this disadvantage, the plasma current is 

furthermore decreased to 7.9 MA so as to recover the bootstrap current fraction to the value 

of the full power. As a result, a pulse length longer than 10 hours is realized, although a 

future improvement of the confinement, i.e., H = 3, is requi red for a plasma with a reduced 

plasma current. 
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OD system code 

The main parameter of IDLT and Advanced lOLT reactors are listed in Table 5. 16. The 

operation time, i.e. pulse length, is shortened about 30% although the bootstrap current 

ratio is increased. It is comes from the shorter major radiu of 7.5 m. 

The result of 00 system code of JOLT and Advanced JOLT reactors are shown in 

Figs. 5.42 and 5.43, respectively. The neutron wall loading of Advanced JOLT reac tor 

is nearly san1e as that of IDLT reactor because the plasma perfom1ance of both reactor is 

equivalent. The comparison of the radi al build between JOLT reac tor and Advance JOLT 

reactor is shown Fig. 5.44. The radial build of Advanced JOLT reactor is compact; The 

cross secti on area of TF coil of Advanced IDLT reactor is small. particul arly. 

5.5.3 Summary 

The advanced physics and the engineering is adopted to JOLT reactor, which is call ed 

Advanced IDLT reactor. H facto r of 2.6 and the Troyon coeffic ient of 4.35 is ass umed the 

major radius of 7.5 m and the miner rad ius of 1.85 m. Since the long pulse operati on of 

5 ~ 8 hours in the daytime and of 10 hours or more during the ni ght are avai lable with 

Advanced lDLT reactor, it seems thai IDLT is attractive as a load-following electric power 

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

5.6 Summary 

The commercial IDLT reactor has been designed without fatal disadvantage. At first, the 

aspect ratio of 5 is favorable from the viewpoint of the current di stribution and the MHO 

condition. In the case of the lower aspect reactor, its plasma volume is larger. On the other 

hand, higher aspect reactor cannot sati sfy the di sruption criterion q .. (a) ~ 3. Nex t, zero

dimensional plasma analysis is studied to deterrnine the plasma parameter. The plasma 

major radius of 10m is favorable for JOLT reactor. The H factor of 1.8 and the auxiliary 
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heating power of 40 MW for 30 s is enough to ignition. The operating point is stable for 

the therrnal instability. Magnetics of JOLT reactor is analyzed for the coil of JOLT reactor. 

The poloidal coil number and the position are optimi zed with the double null plasma and 

the single null plasma. The elongation of 1.7 is modest from the viewpoint of the vertical 

stability. The pl as ma configuration of JOLT reactor is single null configuration because 

of the lower stored energy. In the case of the single null configurati on, the layer winding 

could be adapted. 

The operating pattern of JOLT is the alternati ve current operating, because of the re

duction of the time for the re-chargi ng. The pulse length of JOLT reactor is estimated. 

The initia l pulse length is about 7.6 hours and the pul se length after the first pulse is about 

5.3 hours without the re-charging. Therefore, the compensati on of the consumption at 

the plasma current ramp-down by the re-chargi ng let the pulse length prolong till the first 

pulse length , the coolant of the solenoid coil , however, is become more hard. The capacity 

of the poloi dal co il system of JOLT reactor is about I. I GW. The error fi eld can be less 

than SO gauss in the ai rer o f the initial plasma ignition. 

The advanced physics and the engineering is adopted to JOLT reactor, which is called 

Advanced JOLT reac tor. H fac tor of 2.6 and the Troyon coeffi cient of 4.35 is ass umed, 

the major radius becomes 7.5 m and the miner radius becomes I .85 m. Since long pulse 

operation of 5 ~ 8 hours in the daytime and of that of I 0 hours or more during the night are 

avai lable with Advanced JOLT reactor, it seems that JOLT is auracti ve as a load-following 

electric power plant , which is adaptable for a large variation of an elec tri c power demand 

during the day. 
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Table 5.1: Plasma parameters detennined under the constrai ns q(O) 2': I and 
Table 5.2: Parameters for different the major radii. Other parameters are 

q..,(a) 2': 3. Column data shown wi th italic letters do not sati sfy 
fixed to be equivalent to those of the standard design, q.., = 3, 

these constraints. Given parameters as input data are indicated 
Bmax = 11.2 T, and d = 1.4 m. 

with * marks . major radius R [m] 7.0 8.0 10.0 12.0 14.0 

A= 3 A= 5 A= 7 minor radius a [m] 1.91 1.90 1.87 1.85 1.87 

* major radius R [m] 8.6 6.4 9.3 11.7 10.7 elongation "' 1.90 1.80 1.70 1.65 1.60 

* central safety factor Qo 1.0 0.5 1.0 1.8 1.0 plasma volume l'p [m3] 958 1026 I 173 1338 1546 

surface safety factor q..,(a) 5.02 3.36 3.23 3.0 2.60 plasma current Ip [MA] 17.7 15.5 12.4 10.4 9.2 

bootstrap current fraction fbsf fp 0.29 0.34 0.46 0.60 0.75 

minor radius a [m] 2.9 2.1 1.9 1.7 1.5 stored energy ofTF coil II'TF [GJ] 53.8 71.8 109.3 147.6 186.8 

* elongation ratio ~> 1.9 1.9 1.7 1.6 1.6 pulse length [h] 0.17 1.81 8.09 21.7 57.9 

* triangularity 6 0.3 0.3 0.3 0.36 0.3 

plasma volume \ ' [m3] 2651 1092 1080 1032 790 

toroidal field B1 [T] 6.6 5.8 8.4 9.6 9.4 Table 5.3: H factor with various scaling law. Unit of<·J is 7~TER H90-P ELMy 

total current !101 [MA] 19.9 /9.7 12.2 9.2 9.1 SN stand for single null configuration. 

bootstrap current ratio fbs l fwt 0.44 0.25 0.50 0.72 0.54 Reactor ITER89P ITER890 Goldston ITER90H 

poloidal beta iJp 1.34 0.90 1.63 2.09 1.90 (ELMy)H 

magnetic energy ITER (CDA)(A=2.8) 1.81 1.77 1.58 1.37 

in TF coils ll.mag [GJ] 100 40 94 127 103 IDLT (S ) (A=5.4) 1.80 1.69 1.37 1.05 
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Table 5.4: PF coil with the DN configuration. PF coi ls is set by symmetry 
about .::-plain . 

coil coil position coi l thickness current 

number R[m] ±Z [m] !lR [m] !lZ [m) [MA) 

PF#l 5.5 1.5 0.50 3.00 - 9.5 

PF#2 5.5 4.5 0.50 3.00 - 0.7 

PF#3 8.0 8.5 1.00 1.00 12.0 

PF#4 15.0 6.0 0.75 0.75 - 8.1 

PF#5 15.5 2.5 0.50 1.00 - 2.8 

stored energy [OJ] 11.8 

Table 5.5: PF coil with the SN configuration. PF#6 and PF#9 are connected 

in series. 

coil coil position coil thickness current 

number R[m] ±Z [m) !lR [m) !l Z [m] [MA) 

PF#l 5.5 1.5 0.50 3.00 - 8.1 

PF#2 5.5 4.5 0.50 3.00 3.3 

PF#3 10.0 8.5 1.00 1.00 3.2 

PF#4 15.5 2.5 0.50 1.00 - 5.4 

PF#5 14.5 - 2.5 0.50 1.00 - 6.7 

PF#6 14.0 -6.0 0.75 0.75 - 2.3 

PF#7 9.0 - 8.5 1.25 1.25 13.2 

PF#8 5.5 -4.5 0.50 3.00 - 2.2 

PF#9 5.5 -1.5 0.50 3.00 - 2.2 

stored energy [OJ] 6.2 

Table 5.6: Marginal index versus the elongation (the growth rate 1 = 100 
sec1 

). "= 1.7 satisfied the criterion, m > 0.3 . 

elongat ion n-index by n -index by marginal 

" equilibrium field 1leq eddy current ns index m 

1.85 - 2.26 2.57 0.14 

1.70 -2.10 2.78 0.32 

1.60 - 1.92 2.96 0.64 

Table 5. 7: Stored energy with the pancake winding and the layer winding. 
The values of the DN configuration is difference between the both 
methods , but the values of the SN configuration is almost same. 

pancake layer 

winding winding 

double null I 0.3 OJ 20.1 OJ 

single null 6.2 OJ 6.4 OJ 

Table 5.8: Electromechanical parameters of CS coi l whose height is I 0 mat 
the maximum magnetization. 

height ofCS coil [m] 8 10 12 14 

maximum magnetic field Bmax [T] 13 

magnetic field at the center B0 [T] 10.8 11.4 11.9 12.3 

maximum field 't'max [Wb] 952 976 994 1013 

stored energy of CS coil ll'cs [GJ] 34.0 44.2 54.8 65.4 

inner side force Fn [ON] 13.1 17 .5 22.1 26.8 
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Table 5.9: Principle parameters of IDLT reac tor. 

parameter va lue 

major radius 10.0 m 

minor radius 1.87 m 

elongati on (upper) 1.65 

elongati on (lower) 1. 85 

tri angularity (upper) 0.4 

tri angularity (lower) 0.2 

plas ma current 12.39 MA 

poloidal beta 1.55 

stored energy of PF coi l 9.1 GJ 

Table 5.10: Electromechani cal parameters of PF co il. 

parameter value 

flux at plasma surface 985 Wb 

max imum field 13.0 T 

stored energy of PF coil 87.9 GJ 

region of the minimum R~ 11.8 m, a~ 1.0 m, 

error fi eld z~ 0.0 m 

error fi eld ~ 50 G on I m circle 

Table 5.11: PF co il current for the power capacity. The ohmic heating is 
the value at the maximum magneti zati on and the equilibrium 
current is the value at the flattop . 

coil number ohmic equilibrium 

current current 

PF#l (Solenoid) 11 2.0MA - 18.7 MA 

PF#2 43.5 MA 3.8 MA 

PF#3 3.7 MA - 5.8 MA 

PF#4 2.9 MA - 7.9 MA 

PF#5 - 0.8 MA - 5.7 MA 

PF#6 (Divertor) 34.8 MA 14.3 MA 

Table 5.1 2: Plas ma flux consumption summary, where the plasma induc
tance Lp is 30 JLH, Ejima coeffi cient Cejima is 0.4, the ini
tial operatiOn ume top 1 IS 7.6 hours, the subsequence operation 
time without re-charging lop ! is 5.3 hours, the bootstrap cur
rent obeyed ITER guideline scaling lbs is 5.64 MA, the one-turn 
voltage VJoop is 0.052 V, the plasma current lp is 12.39 MA, and 
the plasma current at the time of +20 !pi is 10.16 MA. 

phase description basis flux 

number consumption 

current ramp-up (inducti ve) L p l p 372 Wb 

current ramp-up (res isti ve) CejimaftoRo lp 63 Wb 

2 {Jp ramp-up L p lbs - 169 Wb 

3 lp fl at top (initial) l'Joop lop ! 1456 Wb 

lp flat top (no recharging) VJoop lop2 1004 Wb 

4 current , /3p ramp down L p U p! - ( lp - Ibsll - 102 Wb 

5 current ramp down L p I 1 305 Wb 

available flux 2 'Pmax 1970 Wb 
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Table 5.14: Maximum PF coil power for each phase. The unit is MW. The 
nume ral with the underline is the max imum power for each coil. 
Phase 7 ~ II is a repetiti on of phase I ~ 5, but no recharging. 
The max imum total PF coi l power suppl y system is estimated 
about 1.1 GW. 

phase 2 3 4 5 6 

time 100 s 50s 7.6 h 20 s 80s ~300 

phase fp/ f3p/ bum Ip,Bp '-, Ip'-, rest 

Table5. 13: Inductance matri x of the PF coi l and the plasma. Unit is 11 H. PF#l -810 300 670 -730 
The pos ition of the PF coil is shown in Fig. 5.26. PF#2 -180 110 170 -120 

PF# l PF#2 PF#3 PF#4 PF#5 PF#6 plasma PF#3 20 -9 7 -50 

PF#l 10. 10 1.86 2.75 2.94 2.56 2.22 5.45 PF#4 -20 -12 -4 -40 

PF#2 1.86 14 .80 7.53 3.75 2. 19 0.92 4.47 PF#5 2Q -30 20 -30 

PF#3 2.75 7.53 29.60 17.20 9.04 3.21 4.49 
PF#6 -50 100 90 -17 

total .!l.QQ 560 * 950 1000 
PF#4 2.94 3.75 17.20 33.60 24.60 6.99 8.92 

PF#5 2.56 2.19 9.04 24.60 29.60 10.70 11.90 phase 7 8 9 10 I I 12 

PF#6 2.22 0.92 3.2 1 6.99 10.70 16.80 12.70 time 100 s 50s 5.3 h 20 s 80s ~300 

plasma 5.45 4.47 4.49 8.92 11.90 12.70 24.60 phase fp/ .Bp/ bum Jp,Bp" Ip'-, rest 

PF#I -440 50 670 -730 

PF#2 -90 50 170 -120 

PF#3 40 - 13 7 -50 

PF#4 30 - 15 -4 -40 

PF#5 2Q -30 20 -30 

PF#6 -30 60 90 -20 * 
total 670 220 * 950 1000 * 
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Table 5.15: Operational scenario and the physics consideration. EOB stands 
for end of burn. R is the major radius, n is the minor radiu s, h' is 

the elongation, /p is the plasma current, dp is the poloidal beta , 

and'¥ is the magnetic flux. 

state time [s] J key event 

plasma initiation 0--->2 Townsend avalanche 

a~ l m, Jp ~ 0 .5 MA , circle cross section 

Current ramp 2 ---> 50 shape variation to the non-circular cross section 

up (l) Ip : 0.5 ---> 7 MA, a : 1.0 ---> l.7 m, o. : 1.0 - 1.56 

L ---> SN 50 ---> 60 from the limiter to the single null configuration 

R: 10. 17 - 10.0 m," : 1.56 - 1.70 

Current ramp 60 ---> 100 Ip : 7 - 12.39 MA (Oattop) 

up (2) 

/3p ramp up 100 - 150 poloidal beta increment by the auxiliary 

heating power 1Jp : 0 . I - 1.55 

Burning 150 __, EOB 7.6 hours (5.3 hours without recharging) 

Current and /3p EOB---> +20 Ip: 12.39 ---> 9.7 MA 

ramp down(!) /3p : 1.55 ---> 0.1 

Current ramp +20---> +40 Jp :9.7---> 7.0 MA 

down (2) 

SN--->L +40 ---> +50 from the single null to the limiter configuration 

R: 10.0 - 10.17 m, o. : 1.70 ---> 1.56 

Current ramp +50--->+100 shape variation to the circular cross section 

down (3) Ip : 7---> 0.5 MA, a : 1.7 ---> 1.0 m, o.: 1.56 ---> 1.0 

Recharging +100---> +250 '+' : 535 ---> 985 Wb or - 535 ---> - 985 Wb 
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Table 5 .1 6: Main parameter of IDLT and Advanced IDLT reactors. 

conventional advanced 

plasma major radius IO.Om 7.5 m 

plasma minor radius 1.85 m 1.85 m 

e longation, 95% nux surface 1.7 1.7 

maximum toroidal field 13 T 13 T 

plasma current /p 12.4 MA 10.6MA 

safety factor q'f'(95 %) 3.0 4.0 

plasma density (n2o) 1.56 x l020 f m3 1.80 x 1020 f m3 

fusion output Pr 2.7GW 2.7GW 

H factor 1.8 2.55 

Troyon coefficient g 2.7 4.35 

bootstrap current ratio 46 % 63 % 

pulse length [hour] 8.4 ~ 9.6 5.2 ~ 7.3 

plasma volume 1170 m 3 880m3 
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Figure 5. I: Flow chart to determine the plasma parameters [I 09]. 
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Figure S.2: Comparison of the plasma cross section listed in Table 5.1. 
Plasmas with bold lines satisfy the conditions q(O) 2: I and 
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Figure 5.3: Schematic plasma cross section. The di stance be tween the 
plasma and the TF coi l is denoted by d, the thickness of the TF 
and the CS coi ls are denoted by WTF and wcs-

1-day o 

IDL T Reactor 

8 9 10 11 12 13 14 
Major radius [m] 

Figure 5.4: Pul se length as a function of the plasma major radius R. The 
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rad ius. At R = I 0 it would be about 8 hours. 
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Figure 5.26: Plasma equilibrium of IDLT reactor with the SN configuration. 
The numeral near the PF coil is the current for the equilibrium. 
The plasma current is 12.39 MA. 

177 



178 

5 

.s 
...... 0 ..c 
CJ) 

Q) 

I 

-5 

0 5 10 15 
Distance from the center [m] 
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Figure 5.28 : Contour plot of the magnetic flu x. The height of the CS coil is 
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Figure 5.29: Magnetic field at the maximum magnetization. The maximum 
field of the CS coil is about 11 T, but its experimental magnetic 
field is 13 T 
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Figure 5.30: Magnetics flux at the maximum magnetization. The flat mag
neti cs flux form is made by not only the CS coil but also the PF 
coi ls. 

Figure 5.31: Schematic pattern of the plasma current Ip and the poloidal beta 
(Jp. The bootstrap current Ibs is growing with increment of (Jp. 
The aux iliary heating power Paux is also needed in the plasma 
tem1ination phase for overcoming the disruption caused by the 
electron density limit. 
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Figure 5.32: Schematic pattern of the magnetic flux. To prolong the subse
quent operating time the magnetic flux is re-charging to max
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Figure 5.33: Schematic pattern of PF coil currents (PF#1~ #3). Unit is MA. 
The thin dashed line is the ohmic heating current, the thin dot
ted line is the equilibrium current, and the thick lines is the total 

current. 
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Figure 5.34: Schematic pattern of PF co il currents (PF#4 ~ #6) . Unit is 
MA. The thin dashed line is the ohmic heating current , the thin 
dotted line is the equilibrium current , and the thick lines is the 
total current. 
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Figure 5.35 : Shape variati on of the plasma cross secti on during the ramp
up. The plasma configuration changes from the limiter to the 
SN between 50 s and 60 s. The plasma shape at 60 s is equal 
to the shape at the flattop. 
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Figure 5.36: PF coil current waveform produced the plasma from outer side. 
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Figure 5.37: PF co il current waveform produced the plasma from inner side. 
The arrow near the left-down corner indicates the larger current 
in comparison with the previous figure. 

187 



188 

B _i[T] hysteresis 

20 loss[kW] 

15 

10 

5 

5 

10 

15 

FC Operation 
_,.-----'0- , 

AC Operation 

[sec] 

Figure 5.38 : AC loss of the CS coil. When the CS coil is not re-charge at all 
(FC operation), the hysteresis loss is enlarged. 
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Figure 5.39: Cross section of the TF coil of IDLT reactor. The thickness 
of TF coil is reduced 0.7 times for the radial and the toroidal 
direction because of the insulator and the can case. 
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Figure 5.40: Toroidal magnetic fi eld of lDLT reacto r. The size of the TF coil 
is shown in Fig. 5.39. The grey line shows the pl asma surface. 
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Figure 5.4 I : Toroidal ripple of IDLT reactor. The conto ur lines show the 
value of 0. I , 0.2, 0.5 , I , 2, 5 % from the inside to the outside. 
The grey line shows the plasma surface. The max imum ripple 
is about I .5 %. 
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Figure 5.42: Result o f 00 system code of IDLT re ac tor. From the upper
left. clockwise, an elevation view, a ground view, a neutron 
wall loading, and a radial build are shown. 
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Figure 5.43: Result of OD sys tem code of Advanced IDLT reactor. From 
the upper-left , clockwise , an elevation view, a ground view, a 
neutron wall loading, and a radial build are shown. 


