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Abstract

Dependence of scale of ITER type experimental tokamak reactor on H; factor (the ratio of energy
confinement time 7 necessary for ignition to 7JFR ¥ of L mode scaling), the ratio £ of magnetic flux of
OH coil to the plasma inductance L/, elongation ratio «, the distance A between the plasma surface
and toroidal field (TF) coil conductor and technically possible maximum fields B,y of TF coil are
studied. When the required H; factor is increased from 2.75 to 3.77 and the distance A is decreased
from 1.55 m to 1.3 m in the reference case of ITER design parameters, the major radius R is reduced
from R = 8.14 m to 6.36 m, while keeping & = 1.35. However the decrease of &, while keeping H; con-
stant, is less effective to make device more compact due to the dependence of H; factor on the parame-
ters. The increase of x ratio and the increase of the maximum field B, ,, is also effective to reduce the

scale.
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1. Introduction

Recent developement of enhanced confinement
researches, such as VH mode, high 8, H mode and
reversed shear configuration mode, brings the possi-
bility to relax the requirement to H; factor of energy
confinement time in order to design reactors in more
compact way. Furthermore it becomes to be realistic to
increase the maximum magnetic field of TF coil more
than 15 T due to the developement of superconducting
coil technology. Therefore it is meaningful to study the
sensitivity of the scale of reactors on parameters such as
requires H; factor and the possible maximum magnetic
field of TF and OH coils and so on.

2. /,-A Design Space

When plasma current I, and aspect ratio A are
specified (A = R/a, R: major radius, a: minor radius),
the other parameters of tokamak device are deter-
mined, if the effective safety factor g, at the plasma
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boundary, the elongation ratio x, triangurarity J of
plasma cross section, the distance 4 of plasma bound-
ary and the conductor of TF (toroidal field) coil, the
maximum field B,y of TF coil are given [1]. The ef-
fective safety factor g, is given by [2]

e = g1 (1 + A72(1 + (A2/2))
X (1.24 — 0.54x + 0.3 (x> + 6?)

+0.139), (1)

where g; = (5K?a[m]B,[T]/AIL,[MA]), A= B, +1/2
and K* = (1 + x?)/2. B,[T] is toroidal field at the
plasma (geometrical) center and is equal to

(R—a— A4)

B. =
t R H

By ix 2

where A4 is the distance of plasma boundary and the
position of maximum field of TF coil as is shown in
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(ov)pp = 1.1 X 1072412 [keV] [m®/s] ,
co and the following @ ratio is introduced.
6= <n%)T<0v>DT >av [mS/S] (5)
xdTF 1.1 X 1072(nd; T2 [keV]),, [m?/s]
ds \\\ x VAN Then the total neutron fusion output power is
v -
dor R 0
| ) P, = 11X 102(n; T, [keV]),, 0" V
= 0.16f3(n, T>%0,keVAa3 kO [MW], (6)
where fyp = fpr/ne. (P = 4/3(p)?%, is used assuming
— the parabolic pressure profile. When the magnetic sur-

Fig. 1 Geometry of plasma, TF coil and OH coil.

Fig.1. As is clear, R, a and B, are determined, when I,
and A are specified.

The ratio & of the flux swing A® of OH coil and
the plasma inductance LI, is given by

_ 5Bou [T] [(Ron + dou /2)* + d3u/12] 3)
I,[MA]R[In(8A /xV?)+ [ —2] ~
where Roy = R—a— A — dy — d; — doy, dry and
doy being the thichness of TF and OH coil conductors
and d, being the distance between TF and OH coil con-
ductors. By is the maximum field of OH coil. The
ratio of electron pressure to that of toroidal field is

(n, T>20,keV

= 4.026 X 102 ,
b BI[T|

*)

where (n,T)y v is in unit of 102 m=3 keV. The total
neutron fusion output power P, is

P

n

by
/ e (oV)pr Q. dV

Qn

= T V<n]2:n<0"l) >DT>av >

where O, = 14.06 MeV and (x),, denotes the volume
average of x. The fusion rate (ov)py near 7= 10 keV is
approximated by
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faces are elliptic and the temperature profile is para-
bolic T(po) = 2(T)(1 — p?) (o being normalized radial
coordinate) and the density profile is constant, @ is re-
duced to

J3{ov)pr20dp [m/s]
1.1 X 107%(4 /3)(T[keV])* [m?/s]

o(T)) = (7
and @((T)) is shown in Fig.2 as a function of (T). We

used the following fitting equation of {ow)p; as the
function of T[keV] [3] to estimate & ((T)):

3.7 x10718
<OU>DT = h( T)
X T3 exp(—20T3) [m?/s] ,
T 5.45
WT)y=%+ .
M=37%33 T[1+ (T/37.5)*8]

The accuracy of approximation by Eq.(7) for
O ((T)) is examined by the calculation of the magnetic
flux functions ¥(r,z) satisfying Grad-Shafranov equa-
tion with use of SYSTEQ code [4] for ITER (case I)
configuration of Table 1. The following profile of tem-
perature

Y(r,z) —ﬂ
v —

S

T(rz)=2(T)

is used, where ¥,, ¥, are the values of the flux function
at separatrix and at the minor axis respectively. y is
normalized factor, that is, y = 0.5 (¥, — ¥)(¥(r,z) —
Y.).. A uniform density is assumed. The numerically
calculated values of @ ((T')) are compared with analyti-
cally obtained results. Difference of both results is
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Fig. 2 ©@((T)) is shown as a function of (7).

(T (keV)

Table 1. Design parameters of four cases A, B, C, D in the case of [B,, = 122 T], (n,7) = 13 x 102 m= keV, ny=1x10m=s,
(T)=13keV, ®=0.928, A4=155 m. The case | is the design parameters of ITER. 4: distance between plasma and TF
coil conductor in m, 7¢ in sec, Hy = 7 /g™ H, Bin %, gr,: Troyon factor, Ny: Greenwald normalized density, B,: to-
roidal field at plasma center in T, P,: total neutron output power in GW, £.: neutron flux at plasma surface in
MW/m?, dy: thickness of TF coil conductor. Cases E, F, G are design parameters when A is changed to 4= 1.3 m.

Hy, 3 A K Al, A 1, R a w | Hy B e Ng
I 2.75 135 155 1.6 609 29 21.0 814 281 6.1 | 1.08 297 225 1.18
A [3.16] 1.35 1.55 1.6 522 3.09 | 169 749 242 6.1 | 122 291 239 1.09
B [3.77] 135 155 1.6 428 338 | 127 6.78 201 6.1 | 135 282 260 1.0
C 2.75 [1.0] 155 1.6 61.0 271 | 225 794 293 6.1 | 113 336 233 1.2
D 2.75 1.35 155 [1.8] | 615 337 | 1826 731 217 6.1 |097 265 189 081
E 2.75 1.35  [13] 1.6 60.2 289 | 2085 7.68 266 6.1 | 107 273 206 1.06
F [3.16] 135 [1.3] 16 516 3.08 | 1675 7.05 229 6.1 | 135 266 218 0098
G [3.77] 135 [13] 16 422  3.38 1249 636 188 6.1 | 1.39 256 235 0.89
H, g A K B, P, £ R+a dy
I 2.75 1.35 1.55 1.6 5.67 131 1.09 1095 0.98
A [3.16] 1.35 155 16 573 0.9 0.94 9.91 0.99
B [3.77] 135 155 16 580 056 0.78 8.79 1.01
C 2.75 [1.0] 155 1.6 533 14 1.14  10.87 1.00
D 2.75 135 155 [1.8] | 599 0.79 0.87 9.48 0.99
E 2.75 135 [L3] 1.6 590 1.11 1.04 10.39 0.99
F | [316] 135 [13] 16 [599 076 089 934 1.01
G [3.77) 135 [13] 1.6 6.10 046 0.73 8.24 1.03
within 4% in the range of (7) = 10 keV ~ 15 keV and where f; is the efficiency of a particle heating and f; is
is within 8% in the range of (T) = 8 keV ~ 20 keV. the fraction of radiation loss. The thermal energy of
The total o particle fusion output power P, = plasma W is
P,/4 is reduced to P, = 0.0405 f3(n,T)),.yAd’x O
[MW]. Then the total plasma heating power P, ,,, cor- W= / I+ for + X f)n, TdV
rected for radiation loss is —0.471(1+ fypp + T £
Pobea =h(1 = fr)Pa, (8 X (T ey A@® K [MI] . )
1042
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The notation f; is the ratio of impurity density to elec-
tron density. Then the energy confinement time neces-
sary for ignition is

Tg =
P a heat

_ 160+ fint+Xf) 1
L1 — fR)fiz)”I 6 (n, T>2(),keV )

(10)

The expression (10) does not include the scale parame-
ters of device as is expected. Then Hj factor, the ratio
of 75 to 7{ER P

[5.6]

of ITER-P L mode scaling is given by

30801+ for + X f)
LR = R o 0

AO.lS 1

X , 11
o4} BT (AL, o
where tJERF j5 [7]
ZTERP = 0,048 1055 R12 03 p} B2
X (At Poegt )% 12)

The units are of sec, MA, m, 10 m=3, T, MW.

It is noteworthy that H, factor necessary for igni-
tion depends mainly on (Al,) and depends on other
parameters very weakly. Hy is defined by the ratio of
7 to 7MY H of ITER-H scaling [8] of ELMy H mode

as follows,
= _E
Hy = fELMyH
g H = (.85 X 0.0531]%° BY*2 P05
X A?Al R ﬂgb” (R/a)%].ll x0-66 (13)
Hy is reduced to
_29.8(1+ firr + X fi) 0
H™ SO (1 — )03 £3,86 @033 4041
. TY0-34 RO.22
T (9
n7 BYS(T) AT (AL
where A, is atomic number of plasma ion.
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3. Effects of H| factor, ratio &, x ratio and
distance 4 on Device Parameters

Design parameters of ITER are used as a reference
[9]: that is, g = 3.27, k= 1.6, 0 = 0.25, [, = 1.0, (q,
=2.32), A=1.55m, dz =098 m, d, = 0.13 m, dyy
= 0.8 m, for = 0.71, f4. = 0.09, f;. = 0.018, f,, =
0.001, f, = 0.9, fr = 0.37, By, = 12.2 T, Boyy, =
125 T, {n, T) = 13 X 10 m™ keV, (n,) =1 X 10%
m~3, (T) = 13 keV), O(13 keV) = 0.928.

Since H; depends mainly on AI,, it is interesting
to use (A1, )-A design space. Al is reduced to the ratio
of the major radius R to poloidal Lamor radius o,y of
DT ions (A = 2.5) with the thermal energy of 10 keV
as follows,

K R
AL =5 (o) )
where o,y (mpr T)?/eB,, B,[T] =

I,[MA]/(5aK). Contour plots of H; = const. and & =
const. in Al,-A design space are shown in Fig.3(a) and
contour plots of R = const. and a = const. are shown in
Fig.3(b). Figure 3(a) shows that H; depends mainly on
Al and depends on A weakly. Figure 3(b) shows that
(R + a) also depends mainly on A7, and depends on A
weakly. drr and dyy were determined so that the effec-
tive current densities of TF coil and OH coil are kept
the same as those of ITER design, that is

(R_ a— A)Bt,Mx
a[(R—a— AP —(R—a—A— dy)Y

|

B OH,Mx — (
dOH

(R—a—4)By
a[(R—a— AP —(R—a— A— dp )]

)ITER

When H, factor and & ratio are specified instead
of I,, A, the other design parameters are determined.
Design parameters of three cases (A, B, C) taking
ITER design (case I) as a reference are listed in Table
1. Increase of required H factor from 2.75 (ITER) to
3.16 (15% increase in case A) and 3.77 (case B), while
keeping & = 1.35, is effective to reduce the scale of re-
actors. Figure 4 shows the dependences of R, a and I,
on H , while keeping § = 1.35.

Figure 5 shows the dependences of R, a, (R + a)
and I, on &, while keeping H, = 2.75. As is seen in
Fig.5 and case C in Table 1, the reduction of &, while

>
ITER

(16)

BOH,Mx

dOH
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3 (a) Contour plots of H,= const. and £ = const. in A/,-A design space. (b) Contour plots of /= const. and a = const. in

Al -Adesign space. By, = 122 T,{n,7) = 13 x 10* m~ keV, (n,) = 1.0 x 102 m™* ((T) = 13 keV), 4 = 1.55 m. Points |, A
and B correspond to cases I, A and B of Table 1 respectively.

a R _ I
@ (m) [ (MA)
30 80 | — 20
20 701 — 10
10 6.0 1 | L ! ! 1 1 L L 1 0

3.0 4.0 Hy

Fig. 4 Dependences of major radius R, plasma radius a
and plasma current /, on H, factor, while keeping
normalized OH coil flux & = 1.35.

keeping H, factor constant, is less effective to reduce
the scale of reactors due to the parameter dependence
of H, factor. The decrease of £ tends to the decrease of
A. Since H; depends mainly on (Al}), keeping H;,
constant tends to increase of I, and the both effects
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r i
M—— 1L R+a
F JMA) ()
- 25 - 105
<2 10
75 L - 15 9.5
7 [ 1 L L ! 1 ] 10 9
0.8 0.9 1.0 1.1 1.2 1.3 14 ¢

Fig. 5 Dependences of major radius R, plasma radius g,
their sum (R + a) and plasma current /, on nor-
malized OH coil flux &, while keeping H, = 2.75.

cancels with each other.

Figure 6 shows the dependences of R, a, (R + a)
and I, on elongation ratio , while keeping H; = 2.75
and & = 1.35. The increase of « is effective to reduce
the scale of reactors, although feedback controle system
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FeER L
a I
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3.0 20
2.0 10
1 i

1.6 1.7 1.8 K

Fig. 6 Dependences of major radius R, plasma radius a
and plasma current /, on «, while keeping A = 2.75
and £=1.35.

of vertical plasma position becomes more demanding.

Plasmas with parameters determined by a specified
H; factor, say H;**, as was described in ch.2, need ad-
ditional heating to be sustained, if the attained H; fac-
tor is less than H{P*. The necessary additional heating
power P,y e tO sustain the plasma is

Padd heat [(I_IIS‘I)eC/I_IL)2 - 1] Pahcat ’

since
0.5
P WP, a heat

aheat — Frepec ITERP p0.5 1\’
HLp X (TE Paheat

P a heat + P, add heat

— W(Pc?‘lfeat + Padd heat )0.5
Hy X [TFRF (P pear + Pagahear)””]

Therefore the ratio Q = (P, + P,)/ Pyqa neat 18 given by

B 5
[(HP</H) = 1 /(1 — f)

Q

B 8.82
~ T (17)

The values of Q versus specified H{P* are given in
Table 2 in the case where the attained H; factor is
2.75.

HAR, RE

Table 2 Qversus specified /7 in the case where the at-
tained H, factor is 2.75 (#, = 0.9, f; = 0.37).

Hipee 2.75 3.16 3.5 3.77 4.57
[0} 0o 27 14.2 10.0 5.0
a  EoT 1 5
() (m) i I PR N
3 8 — 20
-/ J
25 i 15
2 7 L L L ! 1 10

1.1 1.2 1.3 14 15 1.6 Alm)

Fig. 7 Dependences of major radius R, plasma radius a
and plasma current /, on A4: the distance between
TF coil conductor and plasma surface, while keep-
ing H =275and £=1.35.

As is seen in Eq.(11), the machine parameters are
determined by the factor of

Hthl/Z(l _fR)l/szT
A+ for+ fie T 1)

_HAPA = )P = 2 — L Zif)
(2 = fue = L(Zi— D]

=~ 0.SH (1= fo)”?

X [1— 1.5fs. — 0.5%.(Z + 1)f],

since fiyr + 2f + L. Z,f = 1 When the fraction f,;, and
the fraction f; of radiation become large, the scale of
reactor becomes large.

Next we examine the sensitivity of the scale on the
distance 4 between plasma boundary and TF coil con-
ductor. Figure 7 shows the dependences of R, a and I,
on A, while keeping H; = 2.75 and £ = 1.35. Decrease
of A4 is effective to reduce tha scale of reactors. The
values of A4 of reactors designed for power plant
ARIES-1 [10], ARIES-RS [10] and SSTR [11] are
1.497 m, 1.42 m and 1.43 m respectively. The values of
A4 of experimental reactors FER [12], ITER-CDA
[13], NET [14] and ITER-EDA [9] are 1.05—1.16 m,
1.25 m, 1.48 m and 1.55 m respectively. Design par-
ameters of three more cases (E,F,G) with 4 = 1.3 m
are also listed in Table 1.
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Table 3 Design parameters of two cases E, F in the case of [B, = 15 T], x = 1.6, (n, T) = 16.0 x 10® m® keV, n, = 1.23 x 10%°
m2,(T) =13 keV. wzin's, Hy = 7 /7™ N, Bin %, gr,: Troyon factor, Ny: Greenwald normalized density, B,: toroidal
field at plasma center in T, A,: total neutron output power in GW, £,: neutron flux at plasma surface in MW /m2,

dye: thichness of TF coil conductor in m.

H, & A4 Al A I, R a R+a| 1 Hy B & Ng
H 2.75 1.35 [1.3] | 56.6 352 | 16,6 691 1.96 887 | 497 097 1.87 180 0093
J [3.16] 1.35 [1.3] | 486 382 | 127 644 1.69 8.13 | 497 1.08 1.81 1.93 0.86
K [3.77] 1.35 [1.3] | 40.1 427 | 939 582 139 721 |497 124 139 211 0.80
Hy 5 A B, P, fa drp
H 2.75 1.35 [1.3] 7.92 0.83 1.16 1.27
J [3.16] 1.35 [1.3] | 805 057 099 1.29
K [3.77] 1.35 [1.3] | 820 036 0.82 1.33

4. Effect of B, on Design Parameters

It is suggested that there is possibility to increase
the maximum field of TF and OH coils by use of super-
conductor of (NbTi);Sn made by tube method [11] for
example. Therefore it is meaningful to examine the ef-
fect of By, of TF coil and By, of OH coil on design
parameters.

Figure 8 shows the dependences of R, a and 1, on
B, \ix» while keeping H; = 3.16, £ = 1.35, A=13m
and the average temperature (T) = 13 keV. However
the average electron density is increased as {(n,) =
1.0(Byp,/12.2) X 102 m~3,

Q
(ma)
2.0
1.0 6.0 ‘ ' — 10
12 13 14 15 Bu(T)

Fig. 8 Dependences of major radius R, plasma radius a
and plasma current /, on the maximun field of TF
coil B, y,, while keeping H, = 3.16, £ = 1.35, ¥ = 1.6,
4 =13 m and average temperature {7) = 13 keV.
However average electron density is increased as
(ny)=1.0(B,y,/12.2) x 102 m™3,
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Design parameters of three cases (H, J, K) with
By = 15 T are listed in Table 3. Increase of B, is ef-
fective to reduce the scale of reactors.

Conclusion

The specification of H; factor and the ratio & =
A® /LI, determines the design parameters of reactors
when g, %, 0, 4, B,y etc. are given. The simple ex-
pression of H; factor necessary for ignition is described.
The increase of H, factor, x ratio and the maximum
field B,y as well as the the decrease of A are effective
to make reactor more compact, while the decrease of
the ratio &, while keeping H; constant, is less effective
due to the dependence of H; factor necessary for igni-
tion on A and I,
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