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This report describes Tokamak Reactor Automated Design Code "TRADE"
which has been developed in order to assess the impact of the design choices
on reactor systems and to find out the optimum desigh concept through wide
parameter range. The optimum design concept is realized by finding out the
optimum compromise between the plasma performance, the torus structure and
the coil systems, Furthermore, TRADE code is for producing an input data

set into TORSAC which had already been developed for a sensitivity analysis.
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1. Introduction

The Research and development (R&D) of the controiled
thermonuclear fusion as an ultimate energy source has a long history.
Many confinement types have been studied and tokamaks are the most
representative. Examining the R&D activities of the past, we notice
that efforts for machine construction have been rapidly increasing and
this tendency will be continued in the future. A tokamak system
utilizes many physical principles and technologies. Nuclear physics,
plasma physiecs, electromagnetics, thermodynamics, mechanics and so on
are complexly combined in tokamak design and many high technologies
such as superconductivity, ultra-high vacuum, high heat removal
technclogy and advanced materials are required.

This extreme compiexity of design has the consequence that a
small modification of a part of the design has a potential to be
reflected in many parts of design in many respects. Furthermore,
this feature suggests the difficulty in design optimization because
the formation of a self consistent tokamak design and the evaluation
of 1ts characteristics are troublesome and require the expenditure of
a large amount of professional staff design time. We should note that
the scale and complexity of the tokamak has been increasing and this
tendency will continue until the completion of the commercial tokamak
reactor. The construction period and investment has appreciably
expanded even for the present-~day tokamaks. Thus, it is sufficiently
profitable to go to the expence of improving the accuracy in design
calculation in order to reduce the design redundancy.

There has been a growing demand for a computer code which
performs a systematic analysis of overall reactor systems. We had

1,2) (Tokamak Reactor System

developed the computer code named TORSAC
Analysis Code) during past several years. We take a "reference design
learning method" for TORSAC, A set of the reference design
parameters, which resembles the chjective tokamak ccneept, is put into
TORSAC at first, and then TORSAC constructs an afbitrary tokamak
design image consistently based on the reference design. TORSAC does
not have a function to produce a new design concept without preparing
a reference design beforehand. In effect, TORSAC dces not perform an
automatic design optimization., In this meaning, the "3" in TORSAC

seems to be rather "S" of sensitivity than "S" of system.

_1_.
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With this mind, the function of an autcmatic design optimizaticn
i3 indispensable for producing a new design concept. We have been
developing a code named TRADE (Iokamak Reactor Automated Design Code)
s5ide by side with TORSAC. The positioning of TRADE Cocde is a
charcterized code for producing an input data set into TORSAC. The
s0-called design activity is the process of inquiring the best design
point under the given design condition, The automated design code
should include a function of the optimization. Therefore, the design
calculation should be iterated so far as a convergence accerding to
the objective function. Most objectives will be normally minimized
(e.g. plasma size, PF coils ampere turns, capacities of the auxiliary
components and etc.) or maximized {(e.g. plasma performance, obtainable
volt-seconds from PF coils and etc.) as appropriate.

In Chapter 2, we describe outline and over all structure of TRADE

code. In Chapter 3, the methcd and model for analysis are described.
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2. Qutline and Structure of TRADE Code

The tokamak device is at any rate an electrical equipment, and
its fundamental concept might be firstly defined by the plasma
performance and the magnetic coil systems. The specifications of
other components will be resultantly decided. Therefore, the major
efforts should be made in the optimization process of the plasma
design and the coil systems design (especially, PF coil system). The
stratum of the required information or data for calculating the basie

machine parameters is schematically shown in Fig. 2.1.1.

- Option Related to Overall Reactor Concept
= Topological Configuration of TF and PF coil System
» Impurity Contrel System (Divertor / Pumped Limiter)
= Material Identification
> Operation Scenario {Pulse/Quasi-Steady State /Steady State
- efc
]

/ Design Flow Option for Piasma Performance

> Set up Plasma Ellipticity and Triangnlarity
- Opftimization of Plasma Parameters

e.q.
» Maximige fusion power under given plasma size
* Minimize plasma size under given plasma Performance

. efc
/ Physics Constraints ( Engineering Constraints
» Plasma Confinement [Plasma_Performance] | . Maximum Field in Coil Conductor
+ B - Limit ] + Maximum Current Density in
* 9 - Limit | TFC Configuration | | Coil Conductor
- Density Limit * Shielding Criteria ( DPA,
. efc [Plasma Equibriam | | \eleer Heating , etc )

Basic Machine Parameters

* Plasma Major and Minor Radii

* Plasma Current , Density and Temperature

- Fusion Power

+ Neutron Wall Loading

* Shield Thickness

* Configuration and Current Pattern for Coil System

« efc
4L
| TORSAC |

Fig. 2.1.1  Schematic Stratum of Design  Calculation

_SV
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3. Method and Model for Analysis

3.1 Design of Plasma Physics
3.1.1 Basic consideration and Eeature

It is important to know what kinds of physic¢s and engineering
constraints have influence on the determination of plasma parémeters
satisfying a required performance or a design objective, In TRADE,
the engineering constraints (e.,g neutron wall loading, plasma
elongation, radiation shielding condition etc.) are not used for a
determination of plasma parameters, but are used the design conditions
for a determination of specifications of the associated components.
The key constraints for plasma physics are energy confinement time,

safety factor, density 1imit and beta limit.

i) Energy Confinement Time
Several option of confinement models have been incorporated to
desc¢ribe conduction losses, The ions are treated with the
neoclassical formulation, and the electrons are treated with empirical
scaling, such as Alcator, Neo-Alcator, Goldston (L-mode), Gill (H-

mode ) and Mirnov. They are listed in Table 3.71.1
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Table 3.1.1

Scaling law option for energy confinement time

= Energy Confinement Time

N
Ion |
!
B; VTi a2 :
1 e T,. = C_.*4,7 x 10'% 1% | Neo-classical
Ei Bl Al*S n, g2 l
iy i
}
!
|
1 * Tge = Cpgtlel x 10~2° n, a? | Alcator
I
_______ e
I
2 |st. =C. *1.15 x 10721 n_ a%*8 R2Z.3 | Neo~Alecator
Ee Ee e p i
I
U PR e .
I
i
A B |
. (TEe'Te) :
Ee , A ., B .\, |
(TEe) + (TE ) :
3 l
[
T8 20 +1.03x10721 n_al*0%R2+0R4q0*S | Goldstone (L-mode
Ee "Ee ep P PV i oy R
,ph. eating power
Electron B i
— . <105 ~0e5p1a75,—0437 |
The CEe 3.68x10 IpP R ap
|
|
I AU e e e e e e e PR
i
4 * Toe 2 x Goldstone {L-mode) :Goldstone(H—mode
1
Bt e e e e e e e e e e e e e e e e e e 1'- _________________
1
. = . —277-0+461,1433T0475R048270,407 ! (s -
5 Tpe=Cre ' 9%10 Ip ng?iTe Rp y4 :Glll (H-mode)
) 1
S T T e LT EEE
|
- = . _7 I i
6 TRe CEe 1,45 x 10 ap Ip Iernov
I
I
- .72 .
Zeff = (j + fz Z3)/ (1 + fz Z)
fz: ratio of the impurity ion density ng to fuel ion density (=nI/ni)
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ii} Safety factor limit

In general, MHD equilibrium calculations are carried out to
accurately model the plasma current (and, in turn, true MHD safety
factor q¢) dependence on plasma (k, §) and aspect ratio (A=§). A fit

to these model equilibriums can be characterized as

f,{8) 3)
f,(6) p 2
q =q [ 1+ =282 71+ B2 ] (3.1.1.)
v - al?
where
27 4B, 1 + 2

% TN, IR 2

0.16 + 0.633 8§

—
—~
on
—
]

2.5 + §

!
—_—
(o]
~

]

By = toroidal field on plasma axis

or

Ul 3)
/g, = A/ (1 - — )¢ - 0,08 §) 5= - 0.07{1+(xk-1)s]

1+ 2
(3.1.2)

From the requirement of the MHD stability (tearing mode), around 2.5

of qllJ is often employed in the plasma design.

iii) Density limit
In many tckamaks, the maximum density attainable in stable

1)

operation 1Is seen to scale as By/R, known as the Murakaml limit

Bo
x 10%2° (m~3) (3.1.3)

n
max R

where v ~ 1.5 for ohmically heated plasma, and v ~ 2 - 3 is found to

be pessible in some auxiliary heated plasma.



iv} Toroidal Beta Limit
As a general manner,
limit,

incorporated are those proposed by Bernard °,
The are listed in table 3,1.2.

are left to a user's opt

Table 3.1.2 OScaling law opticn for beta limit

JAERI-M 87-—102

6)

ion.

3)

toroidal beta limit is merely called beta
The specific limits on this beta value that have been
Tuda

7)

and Troyon °, and

Toroidal Beta Limit

1
|
- = . —2 L=0eSubfp_ 0475, 101k -
1 Bmax CB 7.8x10 q“!J (A-1) K (qw 1) | Tuda
i
e e e e e e e o= e m e
i
|
- O.3K.l.5 _ _ KO-?S i
2 Bnax=Ca" ~iq {1+0.9(k-1)8-0.6 3 ]
Y ] |
[
labs
+ 14k - 1)(1.85 - ) un | [
BETA v |
e o e o e e e e e i e A Ak 2 e e —
1
K.l.2 1
3 + B = C +0.23 (1 +1.58) Rernard
max Ala 1el ]
Qw l
i
e e ————————————— e
1 1
. - . -8 s .
L Bmax CB 3.5 x 10 3 I Empirical
p © |
1
i
v) Poleoidal Beta Limit and Cperaticn Range
A uniform magnetic field in the vertical direction,
bo I
.- P 8R -1
By =~g (Ung *+h-5 ) (3.1.4)

must be applied in order to maintain a toroidal plasma with circular

cross section in eguilibrium state™ ",

8)

where
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R : Plasma major radius
a : Plasma minor radius

I : Plasma current

ii :
A=8 + 5 - 1 {3.1.5)

p

and Bp and Qi are the poloidal beta and the internal inductance of the
unit length of plasma column respectively. The direction of B, is
opposite to that of the field due to the plasma current inside the
torus, so that the resultant poloidal field beccmes zerc at some point
inside the torus and a separatrix is formed. When the plasma pressure
is Inereased and Bp becomes large, the required B, is increased and
the separatrix shifts toward the plasma, The upper limit of the
plasma pressure is determined by the condition that the resultant
poleoidal field at r=R=a on the midplane is zero. Under the assumption
of uniform plasma pressure, surface current and a/R << 1, the upper
limit s; of the poloidal beta is
B = %% . (3.1.6)

Thus the upper limit of sg is half of the aspect ratio R/a, the
required equilibrium field for & non-c¢ircular plasma is compocsed of
not only vertical (dipole) field but also quadrapcle and hexapole
field. The equilibrium field for an elliptic plasma has a negative
decay index (negative n-value), because the vertical field is
decreased by the quadrapole field insicde the torus. In the case of an
elliptical cross—secticn, the upper limit B; of the poloidal beta is
proportional tc (1 +'% 5)11), where € = (k2 — 1)/(x? + 1) and « is
ellipticity.

However it is finally to be certified by the equiriblium

calculation whether the designed plasma parameters are allowable or

not, we use the fcllowing expression as a provisional 83.10)
c A 1
By {1+ 5 {5 )} (3.1.7)

Next we discuss an operation range of the poloidal beta in

relation to a toroidal beta R and a stability condition.
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At first, we set up an attainable Bp in relation to the toroidal

beta 8. For simplicity of analysis the upper limit Bmax

7)

of the

torcidal beta is represented by Troyon scaling listed in Table

3.1.2. CB of unity corresponds with Cf of 17.5.

Hz Ip
Bmax - Cf 2WaBo (%)

The geometrical safety factor, g* is

2
. 2na BO +
Qv = Mol R z

The poloidal beta, Bp is expressed as

2Uo <P>
B =
p BZ ’
%
uolp
where <P> is plasma average pressure and B (= = ) is
2na 2K

field at the plasma surface produced by the plasma current.

The tcoroidal beta, B is expressed as

2u, <P>

B=—B———X1OO (%):
(@]

Form the formulas of (3.1.6), (3.1.7) and (3.1.4), we obtain

2
7 = B2 *

18
700 = ) K max  1+k

100 Bp 27raB0 1

-

e I 2 2
+

When B value takes the Bmax’ we obtain

C _ 1 2 1+ k?
Bp Bmax ~ 100 Cf 2 )
If Cf is replaced by CB, we obtain
B « B =1,03 -C2 (1 + «2)

p max ' p

(4.1.8)

(3.1.9}

{(3.1.10)

poloidal

(3.1.11)

(3.1.12)

(3.1.13)
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There, the allowable range for Bp is

1.03 .
BS =22 . C2 ¢ (1 + k?) (3.1.1W)
P B 8

On the other hand, from the formulas of (3.1.5) and {3.1.8), we

obtain

He I 2
8 f ! 1 (3.1.15)

_ +
k?  (g* A)* 2

The stability condition called Kruskal-Shafrancov condition
requires the safety at the plasma center be more than unity and
correspond to 2 or 3 at the plasma boundary {(surface). Thus the
safety factor ¢¥ has a lower limit value qg around 2 or 3 (g¥* z qé).

Therefore the formula (3.1.11) begomes

2

B 2
Bp 2 100 (qg A) T+ <2 . {3.1.16)

Thus from the formulas (3.1.7), (3.1.14) and (3.1.16) the

operation range is schematically showed in Fig. 3.1.1.

A ®

Poloidal beta gBp

Toroida! beta B

2
Fig.3.1.1 Operation range in B-pBp space, (D 8,8 =1.03 Cpll+K"),

. 2 2 L . .
@ Bp= 1_55 (qc A TeR? (@ Limit or existence of equiriblium

2—
solution. { provisional ,ch is %— {I + —12- (—E;T:—)} ). Where, Cg, K,

q: and A are modefied coefficient to Toroyon scaling, plasma elongation,
lower limi1 of safety factor ot plasma boundary ond aspect ratio,
respectively
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vi) Plasma power balance

The plasma power balance is a zerc-dimensional representation
with plasma temperature and density profile effects and is expressed
by the following equations including a two-fluid model of the electron
and ion. '

For electiron

dw
EEE - Gepa+HePK+RePr‘f+ PJHPxe—Psy_‘Dbr‘_Peiupimp (3.1.13)
For ion

dwi

T - (1~Ge)Pa+ (T—He)Ph+ (1_Re)PPf+ Peiu Pxi_ ch (3.1.14)
where

we electron thermal energy

W ion thermal energy

Ge fraction of g~particle energy to the electrons

Pa a-particle heating

He fraction of NBI energy to the eleectrons

Ph NBI heating (including current drive)

Re fraction of deposited RF power to the electrons

Prf deposited RF power (including current drive)

PJ Joule heating induced by PF coil system

Pxe transport energy loss of the electrons

Psy synchrotron radiation loss

Pbr bremsstrahlung radiation loss

Pei electron-to-ion energy relaxation rate

Pimp: radiation loss by impurities

Pxi : transport energy loss of the ions

ch : charge exchange loss

When the electron and the ion have a common temperature, a steady-

state power balance is expressed by following simple equation.

P *P *PLp*P P _-P_.-P =0 (3.1.17)

rf ' J xe  xi sy_Pbr_Pimp_ch

2)

For Ge' Wwe use the following simple expr'ession.1
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+ G = (1 = Te/1.5 x 105)2

e
1
Pa =50 <0V(T)>-Ea-fa-aeff
<gv(T)», E , f and a are the rate coefficient for D-T fusion
o o eff

reacticns, the energy of produced ag~particle, the correction factor
representing the effect of the density and temperature profile on

fusion power production, and the heating efficiency by m-particles.

where <gv{(T)> : 10=2% exp{a, (In Ti/1000)3 + a*(ln Ti/1OOO)2
+ a,;(1n Ti/1000) + a,l --- for Ti 2 1000 eV
a, = 0.038245
a, = -1.0074
a, = 6.3997
a, = ~9.75
<gv(T)>» = 0 --- for Ti < 1000 eV
Ea = 3.52 x 10° eV = 5.639 x 107!? Joule,
1 -_ ~
fa =2 J n{a)?f(T(a))ada / n* £(T)
]

where, a = r'/ap

F{T) = <ov{T)>
T(a) = 7, (1 - o' O
n(a) = n, (1 - o)
nle) =y, a
T =/} T(a) + 2a da
and n = [} n(a) « 20 do
and
= - —_ > 6
@pp = 1.0 0.04 exp (Y) A Ip 2 7.5 x 10
= 0 -~= A Ip < 7.5 x 10°%
where, Y : torcidal ripple (%4).
+H =1-F
e i

Where, fi is the fraction of energy recieved by ions, expressed

2)

of the following f‘ormula1 and shown in Fig. 3.1.2.
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f. o= % [- Yin { avior o+ 1 arctan (ﬁz—ﬁg)} ;
1 K — Vel V3 2-vk
A2/3 E

where = °
D T W
b e

EO : beam energy
Ab : atmic weight of NBI particle

A = (1—fz)(2fD + 3fT) + ZfZ Z

where fD : fraction of dutrium
fT : fraction of tritium

fz : fraction of (z) impurity

1.0 ,
k = _ﬁ. X .&
08 468, X7,

A : Atomic weight of bulk plasma

Fraction of energy received by ions {f;)

0.6 Ay, * Atomic weight of injected beam
S Eo + Injected energy
041 .' : Plasma electron temperature
-
0.2 }
[— |
ol—t N A R R

Fig. 3.1.2  Fraction of injected particle energy conveyed to
the plasma ions versus the injected particle energy
expressed in normalized units.
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* R, =1 --- ECW, LHW, CAW
= 0 =-- ICRW
« P (in case of current drive by rf)
rf - 3/2
o 3 . -14 _—
Prf = Jrf 5.38x10C ne/nZTe CAW
nZ : parallel refractive index
Poe_ s . -1s, —
rf = J.pt1.127 x 10 ng G/T, LHW
G- 1n£1+§)
C; 8§ (8+2)
~  238.5
6 = T =1
e
c.V = LV — C,.=3 (C; light velocity)
f'e nZ1 f !

upper parallel refractive index

v : electron thermal velocity

Jer T 7 a; K

where, Irf is plasma current driven by rf.

- = 12
Py =1 doy s
= -3 .
n=23.0x10 Zeff Te
= 2
bepp =1 ¥ T, 2
Jox = Ip/Sp
S = ma’k
p P
. Pxe = 1.5« ne Te/'rEe
K = 1.602x10"1° Joule/eV
TEe electron energy confinement time in accordance with a
scaling law option
n
c P = 6.38x1071¢ B20 12 ( —2_ )17
5y o} € ap A
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Bo : torcidal field strength (tesla)

R
A = P
a
.P
- -38 )
Pbr‘ = 1,41 x 10 Zeff n x/Te
1.5ne{Te-—Ti)|<
P . =
el T .
ei
T;'5
= 13
Toy = 4.38x10 Zeff )
kK = 1.602 x 10~'° Joule/ev
Te
0.769[10g,, g=3=31> P
Pimp = (F_*mZ+10 #1077 Zbr - 2%,
P ef f
fz: ratic of the impurity ion density n; te fuel ion
density (=nI/nI)

PXi = 1.5« ni(1 + fZ)Ti/TEi

gyt ion energy confinement time (Neo-classical)
ch = 1.5« ng N, <ov>Cx (TiHTO)
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3.1.2 Computation logic and option

The plasma physics model used in TRADE includes a two—-fluid model
of the electron-icn pewer balance and a comprehensive treatment of the
confinement modeling as mentioned before. A set of the plasma
parameters is calculated subject to constraints imposed by the machine
configuration and plasma equilibrium, stability, and confinemnet.

The physics module can operate in 13 modes {(design flow options).
The plasma performance may be determined for a specified machine
configuration, or the device parameters may be computed for a given
performance critericn. For example, cne of 13 design flow options is
to give a ignition margin {fusion alpha power/plasma power loss} and a
plasma burning time as performance criteria, and plasma temperature,
density and major dadius are Lo be calculated under as optimization
condition of minimum minor dadius. A set of parameters satisfying the
physics constrains usually necessitates iteration between the physies
module and the other modules. The thirteen plasma design flow options

prepared in TRADEC are listed in Table 3.1.3.

Table 3.1.3 Plasma Design Flow Option

Option Assingned Parameters Calculated Parameter Optimization Condition

No. {Objective Funetion)
1. RTC y Q n, T Minimum a
2. R ,» Q n, T Minimum a
3. . n, T Minimum a
y, gﬁg . aw n, T Maximum Pf
5. RTC , & n, T Maximum Q
6. R, a n, T Maximum Pf
7. R , a n, T Maximum Q
8. R » a’ Q n, T —_——————

9. R , T n, a Maximum Pf
10. R , T n, a Maximum Q
1. Rb s Q n, T, R Minimum a
12. T  , Q n, T, R Minimum a
13, Tp . I n, T, R Minimum a
where

n : Plasma density T : Plasma temperature

Q : Energy multiplication factor Pw : Neutron wall loading (MW/m2)
Pf : Fusion Power Tb : Burn time {sec)

T_ : Plasma resistive skin time (=1.8ka2T2/2) (sec)

Ig : Ignition margin {(fusion alpha power/plasma power loss)

RIC’ R, a: See Fig. 3.3.1
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A mathematical method for optimization is applied as follows, 1In
a steady-state (e.g. plasma burning phase), both of dwe/dt and dwi/dt
in eq. (3.1.13) and (3.1.14) become zero. From eq. (3.1.14), we get

P = (1-He) .[Pxi-Pei (1 Ge)]POl .

and we substitute this Ph for left term of eq.{3.1.13), then we make a

fellowing function where, n. Ti and a are independent variables,

=1
F(ni’Ti'a}=Gepa + He(1 He) '[Pxi Pei (1 Ge)Pa]

* Prf * PJ - Pxe B Psy B Pbr B Pei B Pirnp (3.1.16)
The electron temperature Te and density n, are eliminated in

accordance with the following equations.

ne = ni (1 + 2 fz)

BZ
Q
B

nT + (n, +n, £ )T, = =——
i i Tzl 2UpK "max

e e

where
charge of the impurity

f_: ratio of the impurity ion density n, to fuel ion density

I
(= nI/ni)

i) In cases of option 7, 2, 3, 8, 12 and 13
These cases require solving an equation system which consists of
F(ni, Ti’ a)=0 and one of the fecllowing equations,

Po (ni. T, a) = 5'Pa (ni, T a)

or

Q(nii Tis a) = Pf/(Ph/Prf)
or

I =P /(P_ +P__+P__+P, +P )

g a Xe sy br in ex
or

Pw=u a Pa/(2¢1+K2/2)

__17__
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For the numerical solution, a is started from zero and we find the
minimun a where a set of ni and Ti satisfy the abocve mentioned
equation system by Newton-Raphson method of two variables.

As an example, we show the flowchart of the option 13 in Fig.

3.1.3.

ﬁ\ssiqnmem of Ty and Ig]
|
Initial Setting
R=3.0mm, A=0.5mm, g=Cmm

Solve the Equation System of nj ond T;
Fn;,Tj,a }=0
lg= Py / (Pyg4Pgy+ Pyt Pim+ Py )

flew ]

xistance of Solution
Yes

[ shield Calculation |

Fig. 3.1.3  Flowchart of option 13

ii) In cases of option 4, 5, &6, 7, 9, 1C
This is a prcblem to maximize Q or Pf under a constraint
condition F(ni, T., a) = 0, For the numerical solution, a non-linear

14,15,16)

optimization methods » Which 1s the flexible tolerance method

is introduced.
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3.2 Design of Radiation Shield

3.2.17 Basic Consideration Feature

In the tokamak fusion reactor which produces energetic neutrons,
radiation shield is an important component because it not only
determines the overall size of the reactor but it alsc influences the
repair and maintenance scheme., Since huge amount of the shielding
materials will be required, the optimization of the shield thickness
becomes necessary, As shown in

Fig. 3.2.1 2 simplified model £
Plasma

of a tokamak reactor is used
Torus Structure

(Firsr woll,)

for determining the shield

Blanket,

thickness. This model forms Shield, etc

concentric muiti-layered and
infinite cylindriecal structure.
Toroidal Coil

The D-T neutrons are

uniformly generated in the T”'ﬁ—‘“‘::::;_r
plasma region, The one-

dimentional discrete ordimate

17)

. Fig. 3.2. 1 Tokamak model for shield calculation
transport code ANISN is used

Wwith the P.~S, approximation

for the radiation transport calculation. The Y4z~group neutron and 21-

18)

group gamma ray coupled cross secticn set GICXU0 is used. The

shielding responses (nuclear heating, DPA, absorbed dose, etc.) of
magnets (composed of stainless steel, superconducting material copper,

19)

organic insulator, étc.) are calculated by using APPLE~2 code.
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3.2.2 Computation loglc and option

The infinite cylindrical structures model shown in Fig. 3.2.1

should be modelled to adopt ANISN input format.

shown Iin Table 2.2.1.

A rewritten model 1is

Table 3.2.1  Preparation for Shield Calculation
€.g ¢ /Blanket vall~y JTFC cny JPFC cony
Radial buiid ‘Phusma,Vo'.d Coolum. . Blanket { }Void% Shield !Cryosmt { ITFC — Void }‘1 PFC P
Zone No. 1 2 3 4 5 b 7 8 9 10 (1 12 13 14 15 eemmmeeees
Zone thickness (m) o A A A, Ay Ay B A; Ay Dy D By Ay By By By e
Number of mesh N, N2 N; N Ny Ng N, Ne Ny N Nip Ny Nig Ny MNyg -
Zone No. with eq.
varigble thickness No. 7
{None or only one) :
- ;i K ('!f
Material Ne. Zone No. 1 2 3 4 i . : !
and oY I ST VY Jp— Aj
compention ratio | [Material No. | 99 |3 128 |3 |3 23|27 29]64] ||| MaiMhiMe \
Composition ’ P T |l‘|
b 1o |o.3loT|1.0j0230.11]06 00500 )} SIK )
i T
Mg #ip+lg+ == =10
* \aterial fable is prepared in Appendix {e.g. Materiol Ne.27 is Li;0 )

When an option of the optimization for the shield thickness is chosen,

the thickness of the variable zone (Ak) is changed in accerdance with

the following formula,

where

DPA

ppA°

Max {ppaC/DPa®, HS/HE

kK

A+ 8., logy, Y°

}

: Calculated value of DPA (displacement per atom)

: Criterion for DPA

: Calculated value of neuclear heating
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Hs : Criterion for nuclear heating

§,0 ¢ An increase in shield thickness for reducing neutron flux one
order the magnitude
Here, we define A according to following formula for characterizing
the radial build.

where, NA is the component number of just before the TF coil

conductor.

The computation logic for shield design is shown in Fig. 3.2.2.

- .
+ Plasma performance as rodiation source
- Shield criteria

(. Thickness , number of mesh and materigl for each zone
* Zone No. with vorigble thickness (None or only one }

Generate elemenfory composition
coupled with GICX40"™

Transport colculation
17

ANISN
; New
Calculation of DPA and neuclear heating by
APPLE - 2"

xistance o
ariable zone

Next execution

Fig. 3.2.2 Computation logic for shield design
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3.3 Design of Toroidal Field (TF) Coil
3.3.1 Basic Consideration and Features

The TF coll geometry is determined to be consistent with the
plasma performance objectives and the technical and geometrical
constraints. The TF winding crocss~sectional area is determined based
on input values of maximum allowable current density and maximum
allowable field and an allowable stress level in the coil. The field
on plasma axis is resultantly obtained, The TF inner leg is sized
based on the distance (A defined in Section 3.2) between a plasma
surface and the TF coil conductor inside the torus, the plasma major
and minor radii and the required volt-seconds supplied by PF coils.
An iteration loop is available for adjusting the required volt-
seconds. The outer leg is positicned based on the larger one of
followings. |

© A minimum radius to accommodate the torus structures
or
0 A radius to limit the value of magnetic field ripple at the
plasma surface to an acceptable value which is an input value

The TF coil shape is drawn automatically from the radial
positions of the inner and outer legs. However in some options, an
upper limit on the size is imposed by the requirement of plasma
shaping by PF coils placed ocoutside the TF colls and/cor the

maintenability of the tcrus structure.

3.3.2 Computation Logic and Option

In this routine, three types of TF c¢oil shapes are available,
which are the c¢ircular shape, the constant tension shape and the
smooth Dee shape. The computation logic for determining the TF coil
shape 1is shown in Fig. 3.3.1. The calculation flow is classified in
three groups according to the plasma design flow-option vefore listed
in Table 3.1.3. The Group I includes the option No. 1, 3, 4 and 5.
The Group II ingludes the option No. 2, 6, 7, 8, 9 and 10. The Group
IIT includes the option No. 1%, 12, 13.
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¢ z
! PFC con TFC con Plosma axis
RN N\ 1
i B.C csgrlumg' I(fn %uctor Torus structure PLA!SMA cT;l%ucmr
8c 1s| Bg Malty| Bere |1y A a
! Rgc Re Rre ' R Ry
(1} (2} (3)

@ [‘Specitied time le.g. Thun ! |
I
In accordance with design flow option [Bpm'ipm“ eide/ounside B ’fps e
[

[ See Table 3.1.3)

Plasmg Optimization
Pargmeers (See Fig 3.2.2)

Bmux 1 ima: 1 fs

In occordance with design flow option
{ See Table 3.1.3)

Plasma Optimization
Parameters [See Fig.3.2.2)

[ Initiol quess for Ry, l

Bmdl 1 imcl H fs

HI’C 1 3rrc 1 ‘1

In accordance with design flow option
{See Table 3.1.3)

(Maximum allowable  ¥ripple I Plasma Optimization
I Parometers (See Fig.3.2.2)

Bmﬂl ] irrm: 1 fS

| tnitiot quess for R, | (Vaximum oliowsble Zrppt | ;
L Ptasmo equilibrium
_ IIniriul quess for Ry —l See Fig.3.3
Totel {V.5)
New R;,
‘h" hy, Operation scenario
Tl--- Required{V.5)=QObtained (V.S
Bre, 2
E rMu:imum cllowable ¥rippre |
N I
R Ilnirial quess for R, ]
i
- f
M= Ry =3 Bree
h, = ka T7 Ry +3 Brec
Bz K" (R- Ry} + 4 B & ore
B @ Ircie s 7 +T. 2
SND =10 @ Constant tension {R- [_Trz_fz)} +2° = (—rzz—r")
OND =11 D Dee shape
PLB n=09
PLM n=08
@

ey

[Approximmion by three circulor orcs ond one strgight line I
|

I Calculation of toroidal field J

Ry=R+a +—§-A

. Print .
Inferference limit

Print
*Ripple limit"

Fig.3.3.1  Flowchart for computation of TF coil shape
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Here, we deseribe 1) the geometrical relationship in the TF coil
winding cross-sectional area associated with maximum allowable field
strength and maximum allowable current density, ii) the initial guess
of the position of the TF coil outer leg, and 1ii) the approximated

expression of the constant tension shape and the Dee shape,

i) TF coil winding cross-secticnal area

The input values are the maximum
- conductor

allowable field strength (B }, the
-— can max
maximum allowable current density
%{ G (lmax) and the space factor (fs).
?‘ The space factor is defined as
TT conductor area/{conductor + can)
area.
The TF coll ampere-turns IRF is expressed as
ITF = (ZFRTC/UD) BmaX . (3.3.1)
The conductor thickness GTFC and the can thickness tt are given by the

following set of formulas,

tpag T(Ry* ) = m(Rye8ppet )2} = g (3.3.2)
6. { 2n( R CITEC ) e )
TFC TC 2 - L (3.3.3)
TFC s
(GTFC+ 2tt){2ﬂ(RTC - )}

where, N is number of TF coils,

1i) 1Initial guess of the position of TF coil outer leg

The initial guess and the next guess in the iteration process are
important for rapid convergence to a solution. 1In general, the
calculation of magnetic field requires much CPU time. Therefore, we
use the fellowing formula expressing the field ripple for determining

the provisional position of TF coil outer leg.
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(3.3.4)

where

correction coefficient (B=1.5 is employed)

N : number of TF coils
ry : position of TF coil inner leg
r, :+ position of TF coil outer leg
rp : plasma outer radius

Therefore, the next guess of r, (expressed by R,) in the iteration

process should be given by foliowing squation.

{ 1 N 1 }/{ 1 . 1 } - Yr’ipple
r R, r r, Y
N N N
O e LI (27~ (7 - ¢
! P ! p
(3.3.5)
where, Y_. and Y are the maximum allowable ripple given as a
ripple c

input value and the calculated ripple, respectively., The formula
(3.3.4) is based on a geometrical model shown in Fig. 3.3.2. Each

filamentary current is extended infinitely.

Fig.3.3.2 Geometrical model for simplified
ripple calculation
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iii) Approximated expression of TF ccil shape

In the case of circular shape, it is ncot necessary to approximate
the TF coil shape. When the pesitions of the outer and inner legs are
given, the TF coll shape is presented in R-Z space according to the

following equation.

{rR-fallejesze o (T2 (3.3.6)

where, r, and r, are the R-positions of the inner and outer legs,
respectively.

In the other cases (constant tension shape and Dee shape)
however, it i1s useful for later design calculations to employ the
patterned approximation which is carried out by the combination of the

three circular arcs and one straight line as shown in Fig. 3.3.3.

AR : bore diamefter in R-direction

(ro~r,)

hM : half of bore diameter in Z-
direction

hL RM : distance between inner leg and

¢oil highest point in R-
direction

hL : half length of straight part

Ri : radius of i-th circular arc

hp; height of center of 2nd

Fig. 3.3.3 Paterned aproximation of TF circular arc

coil shape

When r, and r, are given, the constant tension. shape is drawn

automatically in accordance with the following equations,

1
7 = Hok{eku T-0% + k J &Y /TTET ap )
" .
(3.3.7)
ku

R=R_ e
Q
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where,
RO = yr,r,
1
kK = 3 &n (r,/ry)
~1 2 us1

Furthermore, hM and hL are presented as follows,

B
hy = Rk {ek“/m—uﬁ + k J <t TTE dt}]u
u

=0

1
R_k (X707 + & J ekty/TTE? atlf

u

oy
Il

-1

Therefore, hpz, L., &,, 25 and RM are presented as follows by using a

condition of differential possibility at the cconnection points.

3 (2n, - .l n_ = AR)
N /3

A
2
H’l = = h 2 + R:z (3-3-8)
/3 p
b= =2 (h, - b))+ A,
V3

1
R =§(Rz+ﬂ,3)

In the case of Dee shape, hL and hM can not be automatically
calculated from only the given values of r, and r,. Here we give hL

and hM as follows,

(3.3.9)

n
M=K (R HTC

g
L}

)+ 3
2 "TFC
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The n varies according to the variations of the impurity control
system, wnich are single null divertor (SND), double null divertor
(DND), pump limiter at bottom (PLB) and pumped limit at midplane. We

assume n as fcllows,

SND n=1,0
DND n = 1.1
PLB. n = 0.9
PLM n = 0.8
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3.4 Design of Polcidal field (PF) coil and MHD equilibrium
3.4.1 Basic consideration and Feature

The poloidal field (PF) coil system provides the necessary
pcloidal fields to maintain plasma equilibrium, the parameters of
which vary widely during a operation phase. These fields can be split
into an equilibrium part, which positions and shapes the plasma, and a
part which drives the plasma current having a negligible stray field
in the plasma region. The recent design of the PF coil system is
however, of the hybrid type, i.e. most poloidal coils contribute both
to the equilibrium field and to the plasma transformer field. A
design optimization can be realized by revealing an interrelationship
between plasma 8, plasma cross~section, RF coil position and current

programes,
3.4.2 Computation logic and Cption

The key executions of PF coil design are to decide the
geometrical arrangement of PF coil system and to calculate the
required current for RF coil system, whose computation logic is shown

in Fig 3.4.1.
i) Option of RF colls locatable region

Desirable coil locations (which minimize the total ampere turns)
must also satisfy the space, access, shielding, and maintenance
requirements. The choice of the PF coils being internal or external
to the TF bore, is one of the key issues in the reactor concept.
Outside PF magnets require large quantities of current and hence
supercenducting winding material. On the other hand, inside, i.e.
linked, PF coils seem to lead to practically insurmountable problems
for maintenance and repair of interior parts of the reactor.

Here, we limit the PF coils leocatable region only external to the
TF coil, We prepared four types of locatable regions as shown in
Table 3.4,1. At first, the geometrical arrangement of many PF coils

takes an uniform distribution in the locatable regions. After the MHD
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equilibrium calculation with the uniform distribution, the number of
RF coils reduces according to the manner of lumping, which will be

described later.

d TF coil configuration
and
Plasma parameters (R,a,k,8,I

|

Option of PF coils locatable region
{Four options}

I

Uniformly distributed geametrical arrangement
N =36

D'Bp’ Null point(s))

rﬁbjective function for equilibrium calculation
Minimization of PF coil ampere-
turns under the required

accuracy (INPUT) of plasma shape

Equilibrium calculation

Uniform PF coils distribution

¢

Lumped PF coils distribution

Existence of center solenoid

EquiTibrium calculation 1B leulati
(Three sets of supplied ) Fuitibrium cafculation

flux () and poloidal beta (Bp) (Two kinds of poloidal beta (Bp))

Formulization of PF coil current
{11)

I'i = a.ilp + (bIBp + C.i)I

FormuTization of PF coil current
(I7) and supplied flux (y)

p Ij = (bsBp + c5)Ip

b= (x By + ¥,

OPERATION SCENARIO
(PF coil current programmes)

Fig. 3.4.1 Computation tcgic of PF coil location and current
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Table 3.4.1 Option of PF coil locatable region
(shadow parts are forbidden regions)

Option 1 | Option 2 Option 3 Optiond
E S
¢ qﬂ? oF . o
% 7N |
- ; s
7 "] | 8>
5§;§> 7 ’
7ot
R 0 .
noos
Re %
the j-th region the j-th region

n : Number of locatable regions

Ri =R Aej: the j-th Tocatable region
Re =R + a S < oF
Sj g Aej < Bj
Iy = ka + A - ty (see Fig. 3.3.1) S
The actual values of n, 8> and
h, (see Fig. 3.3.1) E J

ej (j =1, n) showld be given as
input data.

The distance between (ATP) TF coil outer surface and center of PF coil

is assumed as follows.

—%L + tS (external to bucking cylinder)
. .
Solenoid region: ATP GSL

-——v*ts-%ﬁBc {internal to bucking cyclinder)

2
o _ S1rc
Other region : &TP i + tt

(See Fig. 3.3.1)
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ii) MHD equilibrium calculation

In the axisymmetric toroidal system, the equilibrium magnetic
field B and current J are written by the pcloidal flux function ¢(R,Z)

in the cylindrical coordinates (R,Z,¢):

B =V x V¢ + FVo (3.4.1)
and

Hod = A*PAY + VF x Vy , (3.4.2)
where

b*p = REV(Tp/R)= BE (4 2y L Y (3.4.3)

The equation for MHD equilibria, P=VJxB, can be reduced to the Grad-

Shafranov equation,

dp _ dF®

A¥y = ~R2 = g(R,y) {in a plasma) (3.4.4a)

and

A*p = 0 (in a vacuum) , (3.4,4b)

when the plasma pressure is isotropic and is a function of ¢, The
poloidal current function, F(F=RBt, Bt:toroidal magnetic field)} is
also the function of ¢. The functions P and F are arbitrary in
eq.(3.4.4), The time-evolution of these functions are determined by a
transport process. For the MHD stability analysis, P .and F are given
by using a simple model e.g. functions of .

The shape of a plasma surface is specified by the functions.

R =Ry, + acos + (8 + §'sineg) , (3.4.5a)

and
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Z = kasing , (3.4.5b)

where RO; k and a are the major radius of the plasma center, the
ellipticity and the minor radius, respectively. The parameter, &',
specifies the triangularity. The solution of the equation, A*wu=0,
gives the poloidal magnetic flux supplied by external coils (vacuum
field solution). The general solupion, {wvj}, are used to control a
plasma phase. The vacuum flux is expressed by a linear combination of

the general solutions:

C.yv_. . (3.4.6)

The coefficients, {Ci}, are determined so that the flux contour with

w+wu=¢s may pass the specified peints on the plasma surface given by
eq.(3.4.5), (Y:the solution of the Grad-Shafranov equation, ws: flux
at the plasma surface). The condition that the contour with ¢+wu=ws
passes the specified points is too stringent for the PF coil systems

design. For this purpose, a least square error can be minimized:
= — 2 2 I 2 — 2%
E ? ail(wwv)i wsil + ? b,I; 2+ e | V] mu1l = ¥, (3.4.7)

where {ai}, {bi}, ¢ and Ii are the weights and the currents in the
external coils. Minimization of E with respect to the variation, 6Ii,
leads to a linear simultaneous equation, A§I=d. The solution gives
currents in external coils which fit the plasma surface t¢ specified
points with minimum least square error, Further conditions, e.g. the
condition for total poloidal flux, can be introduced as the
constraints to this equation.

Figure 3.4.2 shows the computation logic for obtaining the

reasonable PF colils currents,
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( Required plasma parameters

[, gg: fitting accuracy of plasma shape

I

Initial values for aj, bj, ¢ in Eq. (3.4.7)
{near the null point, aj takes the negligible value)

—~

(

New bj

£2x01d bj)

MHD equilibrium calculation
(solve Eq. (3.4.4)

Yes

END

Fig. 3.4.2 Computation Togic of MHD equilibrium calculation
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iii) Manner of lumping the PF coils

At first, the geometrical arrangement of many PF coils takes an
uniform distribution in the locatable regions. After the MHD
equilibrium calculation with the uniform distribution, the PF coils
number should be reduced to the reasonable number. If the MHD
equilibrium is carried out with sufficiently many PF coils (e.g. NP),
we will obtain the PF coil current distribution as shown in Fig.
3.4.3. When the required current in the k-th PF coil is denoted as

Ik’ the total ampere turns (AT) is represented as

forbidden region

) \
éhe J-th Tocatable region—

PF coil current

9= \_’ \/ S B=2n 1

AN

the i-th cluster A

J o yd
Yi T X

Fig. 3.4.3 Schematic picture of PF coil current distribution
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Consequently, the fcollowing gquantities can be clarified from Fig.
3.4.3,

Nrgn: number of locatable regions

Nels: number of clusters in the i-th locatable region

NP : number of PF coils in the i-th cluster of the i-th
locatable region (NP=§ § NP? )

AT : ampere turns in the i-th cluster of the i-th locatable
region
NP
AT =21 AT =1 |1 ]
it k=1
; Y
ATY = I 1
i X k
J=1 )
X=1+%1 I NPi
=11
. N
Yux-1+np) =wpd +pogowpt
i i - i
£=1 1

Now, we can turn con the reduction of PF coils number. When the

maximum allowable current in a single PF coil is denoted as I we

MAX?
formularize the number of PF coils in the i-th cluster of the i~-th

locatable region as follow.
ni = 1 + Integer (ATJ/I )
i 1" "MAX

In case of n§=1, the coil position Zi is represented as

J
JXJ £ . L odL
zi - xJi . j , (3.4.8)
JJi fi . dL
x7
1
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where fi is the fitting curve of the calculated current distribution

in the concerned cluster,

In case cf ni=2, the coils positions Zi(1) and Zg(2) are

represented as

x§+z§ .
J 3 oL odL
j j *i !
Zi(T) = X3 + T (3.4.9)
X "2 fg dL
xJ
1
and
i
. . in+zi fv « L dL
731y = 29 + . . (3.4.10)
i i J .
Yy fi dL
X'.}+Z‘.J
1 1

In case of ng=3, the coils positions Zg(i), Zi(ii) and Zi(iii)

are represented as

Jegy o o
Zi(l) = Zi(J) , (3.4.11)
Jesiy o od
Zi{ll) = Zi _ (3.4.12)
and
z)(1i1) = Z3(1) . (3.4.13)
In case of ng 2 4, the coils position are represented one after
anocther as xg+SQ, XQ+ZGQ, ceeaey x9+(n4—1)a? and xq+nq64=y%—64, where
i 71 i i i i i i it Y3 i
J_
s i 7 %
' X3+ 1
i
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In consequence of lumping the PF coils, the total number of PF coils

i. The MHD equilibrium calculation should be carried out

again with these resultant PF coil configuration.

becomes ¥ ¥ n
JI

iv) Formulization of the PF coil current as functions of supplied
magnetic flux vy, poloidal beta Bpand plasma current'Ip

The MHD equilibrium field consists of the dipole(vertical) field,
the quadrapole field, the hexapole field and so on. All the fields
components are in proportion to the plasma current and also are
empirically found to be represented by the linear combination of the
poleidal beta Bp' Therefore, the required current in the i-th PF coil

can be represented as
Ii=(bin+Ci)Ip, {(3.4.74)

whgre bi and Ci are the constants. By executing the equilibrium
calculations in two different poloidal beta values, fThe unknown
quantities b; and Ci are sclved. The supplied flux{voltfseconds) U is
represented as the linear combination of Ik(k=1, § z ni), so that we

obtain the following furmula.
= (xB_+y)I (3.4.15
b= Bp y) b 3 )

where the unknown values x and y are solved in the same manner of bi
and Ci solution.

On the other hand, when the PF coils are located alsc in the
solencidal region, the primary field(i.e. supplied volt-seconds) which
has no effect upon the equilibrium configuration can be determined
arbitrarily. Therefore, the required current in the i-th PF coil can

be represented as
Ii=aiw+(bi8p+ci)lp, (3.4.16)
where aibi and Ci are the constants, By executing the equilibrium

calculations in three different sets of (v, Bp), the unknown

quantities s, biand Ci are solved,
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4, Summary

We have described the calculation modes and formulae used in
TRADE code, especially for the components (e.g. shield structure, TF
coll system and PF coil system) closely related to the plasma c¢olumn.
Because the overall concept of the tokamak reactor might be almost
identified by these components including the plasma performance and
the operation scenario, the major effort was made for finding the
optimum compromise between them. The design specifications of the
auxiliary systems (e.g. power supply system, exhaust system cooling
system cryogenic system, fuel system and etc.) are resultantly
obtained, The design routines of the auxiliary systems are described
in Ref. 2). The calculation results are examplified in JAERI-M 87-103

which is to be published one after another.
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