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Equations for Conceptual Tokamak Fusion Reactor Design

A.F. Knobloch

Abstract

Simplified tokamak reactor design equations are collected and commented. They allow a fast
approximation (and optimization) of consistent tokamak reactor parameter sets that comply
with the most important design rules and constraints known. Different operating points in a
given reactor configuration can also be studied. Unshielded reactor experiments are covered as
well. Examples based on short Mathematica® programs are included and discussed.

Introduction

Tokamak fusion reactor studies have already been conducted since
about the 1970s. A wealth of information has been gathered and elab-
orate software has been written for this purpose. On the other hand, the
plasma physics basis and the engineering experience, of course, do not
yet fully extend into the parameter domain of a commercial fusion
reactor. Hence a number of important physics design relations are not
available in exact form and some careful guesswork is still necessary. In
the last two decades international negotiations and activities have been
devoted to the Next Step Tokamak definition and design. Over the years
it has been observed that a large range of input parameter combinations
have been considered for that purpose without greatly modifying the
design goals, but with important changes in the input assumptions and
hence the resulting parameter sets. Thus it appears helpful to have a set
of (not too much) simplified equations that may allow - in contrast to
computer programs starting from differential equations - an immediate
insight into the basic impact of, for instance, different combinations of
input parameters or of the specific composition of exponents in a spec-
ific energy confinement scaling. This does not exclude further specific
refinement of the simplified relations. It has become possible to compile
a collection of such equations since many sources have provided basic
equations, approximations, and fitting formulae that allow one to take
the particularly important dependences into account in a simplified
manner. Examples can be found in 12,34, Not all design rules required,
however, are available yet. A prominent example is the lack of simpli-
fied design guidelines for the divertor. There are also interrelations be-
tween certain parameters that have to be taken into account here by
avoiding particular value domains.

The simplified tokamak fusion reactor design equations are meant to
provide fast access to relevant reactor parameter sets, including their
parametric variation. The approach started from the problem of determ-
ining and justifying a certain tokamak reactor configuration. It is obvi-
ous that at the present time such a set of equations will yield approx-
imate results and awaits further improvement and completion.




In section 1 the approach for arriving at the equations listed is de-
scribed, section 2 gives a commented listing of the equations them-
selves, section 3 gives simple Mathematica® programs for evaluation of
the equations, and in section 4 a number of evaluation results are given
with additional remarks. The conclusions are presented in Section 5.

1. Approach towards the tokamak reactor design equations

One starts with the geometric facts in a tokamak configuration. First
there is the radial build along the minor plasma radius, which consists of
the OH coil outer radius (including the OH coil thickness and the inner
bore radius), the toroidal field coil thickness, the blanket/shield and
first wall thickness, the distance between the first wall surface and the
plasma surface, and finally the plasma minor radius, all taken at the
plasma horizontal midplane. The sum of these distances makes up the
plasma major radius. For the engineering design the maximum toroidal
field occurring roughly at the innermost surface of the toroidal magnet
system is of great importance; in the plasma physical calculations the
central toroidal field value is used (averaging over the plasma torus
cross-section). The two are related according to the geometry described.
A second consideration also referring to the ratio of the two field values
searches for an optimum configuration or at least for one that could be
used as a reference in the infinite domain of possible configurations. It
turns out, for instance, that there is - with all input assumptions kept
constant - a maximum average neutron wall load for any fixed fusion
power or a minimum fusion power for any fixed average neutron wall
load. The extrema occur for a certain ratio of the two toroidal field val-
ues, and together with the first condition the optimum situation is re-
presented by a certain aspect ratio essentially depending on a certain
ratio of the major radius and the blanket/shield thickness 5.

One can, of course, deviate arbitrarily from that optimum, which by it-
self is rather flat vs. the rate of deviation, but a remarkable impact is
seen in individual reactor parameters that vary monotonically. It is also
interesting to observe that quite a number of elaborate reactor design
studies have arrived at or close to that optimum (e.g. SSTR®).

A consistent aspect ratio in the above optimum condition and the other
equations requires the plasma current from the current-q equation to
be the same as that deriving from the plasma power balance (for a
certain energy confinement scaling in the usual power product form). In
other words, the aspect ratio follows from equal energy confinement
times as required for the plasma power balance and as possible accord-
ing to the respective scaling. The evaluation takes into account by what
factor the above field ratio should deviate from the optimum and hence
allows the parameter space to be screened in a well defined manner.




Iteration has to be used for solving since the aspect ratio equation is in
implicit form.

From here on the aspect ratio is fixed and all subsequent equations have
to use that value. The implicit equation for the aspect ratio - which can
take different forms according to the set of input parameters - is im-
portant for understanding the impact of modifications in the input as-
sumptions. An increase of the maximum toroidal field, of the blank-
et/shield thickness, of the confinement enhancement factor, and of the
elongation will generally lead to an increase in the aspect ratio, while an
increase in current-q will lead to a lower aspect ratio. (Note, however,
that q itself may be a function of the aspect ratio with fixed qy at the
plasma boundary.) The plasma pressure includes an enhancement factor
due to the fast alpha particles represented by a simple fitting formula.
Each of the geometry and power related quantities can be described in
more than one form. The form to be preferred, however, is the version
composed of the basic input data. As far as possible the equations have
been written in a form that separates the input data dependent part
from the aspect ratio dependent part. Nevertheless they cannot be used
right away for investigating the impact of changes in the input data
since the aspect ratio and hence its functions are input data dependent.
For the bootstrap fraction a simple approximation is used. The aspect
ratio dependent Q relation has to be included in the iterative evaluation
of the aspect ratio.

The radial build mentioned above plays a particular role in the evaluat-
ion of the inductive burn time . Apart from the central solenoid field le-
vel the conductor current and the average tensile stress level in the coil
reinforcement cross-section are given. For the toroidal field coils the
same applies in principle, the vertical tensile and the circumferential
compressive stress in the inner coil legs being taken into account. The
toroidal coil thickness has to be evaluated by iteration.

The volume and stored energy related equations are rather crude ap-
proximations and are intended more for the purpose of comparison be-
tween different parameter sets.

Note that the aspect ratio iteration equation may be rewritten for differ-
ent sets of given input parameters, but rewriting any of the consecutive
equations for separate parametric evaluation leading to a deviating par-
ameter set obviously does not work.

In a first version the reactor configuration includes a blanket/shield
thickness. In the second version the relations derived for the first one
are transformed to the situation of unshielded experiments using two
transformation equations. The geometric considerations in this case lead
to a direct simple relation for the aspect ratio which becomes independ-
ent of all input data except the ratio of the plasma to vessel radius and
the factor describing the intended deviation from the optimum. It is




easily seen that the optimum unshielded configuration has a lower
aspect ratio than the shielded one. Formally, in the equations the role of
the non-existing blanket/shield thickness is taken over by a charact-
eristic length which is very small, but variable with the input data and
the aspect ratio. The subsequent equations for other reactor parameters
have a similar appearance to those for a finite blanket/shield thickness,
but the aspect ratio dependent part is implicit.

With unshielded configurations it is also necessary to iterate in order to
obtain consistent parameter sets. The iteration here is in the evaluation
of Q, which yields a consistent value of Csi*. In general, the ease of un-
derstanding the impact of input data changes on the results is reduced
for unshielded configurations. Because of the iterative solution involved,
parametric equation evaluation involves Q iteration in this case.

2. Design equations with comments (tokamak reactor formulary)

The following equations are useful for a quick evaluation of consistent
accessible tokamak reactor parameter sets based on existing knowledge.
They were derived in an attempt at a more general description of the
accessible configurations and parameter sets for both pulsed and
steady-state next-step and prototype reactors. While for the plasma and
nuclear physics input the state-of-the art relations and data are applied,
the configuration aspect is taken care of by considering the fact that for
a tokamak reactor configuration there is an "optimum" aspect ratio for
which, with the input data kept constant, the neutron wall load has a
maximum for a given fusion power. Such an optimum is rather flat in
the parameter domain of interest. Its position can therefore easily be
shifted, depending on the confinement scaling selected. In that situation
a purely geometric definition of the optimum is retained, which yields a
reasonable practical approximation. That case is characterised by fa = 1.
It does not necessarily constitute an economic optimum, although quite
a number of economically optimized reactor design studies are at or
close to fao = 1. Other ("off-optimum") cases may be defined by fa # 1,

which enables a structured evaluation of the infinite space of possible
configurations. The fundamental differences in accessible parameters
and geometries between unshielded tokamak experiments (in which
also fusion reactions are produced) and reactor devices including a
blanket/shield zone tgs can already be seen in the formal appearance of
the respective equations when modifying the general equations (as de-
rived for tgs > O) for the case of tgs = 0.

For tgs > O the aspect ratio has to be iterated from all essential specific
input data. The reactor geometry and operating parameters then mainly
derive from g and Bmax. For tgs = O the aspect ratio follows from a few
input data only, then the value of Q has to be iterated from all essential




specific input data. Subsequently the reactor geometry and operating
parameters follow. Only the static operating parameters are covered.

2.1 Tokamak reactor formulary for tgs > O (shielded configurations, re-
actors):

The general geometry relation and optimum conditions (see 2.6.4) read

B . 1 Igs, By = 6 N 1
B s Afow R’ Bpax 91y Af
In order to satisfy both equations the aspect ratio has to be
1 (9 fA+4) (9fA+4)

A=

i (9fr-4)-91, % [fow (9 o - 4)] - 5 3R‘5§

from which R(A, tgs) is later derived. The abbreviations below are used:
fl =4 (A fpw + 1)

f, =Afp (964 -4) -(9f4 +4) =1f3 (A -—1—) -f;
fow
f3 A= 9 fA fpw
A leading condition is that the possible energy confinement time for a
given scaling is equal to the confinement time as called for by the plas-
ma power balance (see 2.4). Including the g-equation (Kruskal condit-
ion) and the Troyon coefficient g, one obtains the following iteration

equation for the consistent aspect ratio based on specific input data.
1
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Since Csi" depends on Q , for moderate to low Q the aspect ratio has to be
calculated including the Q(A) formula (see below). For Csgf (reactivity),
5/Fpr (bulk radiation losses), and np1/ne, nj/ne see 2.4, 2.6.1, 2.6.3. Ca
denotes the plasma pressure increase from fast alpha particles. One has
as an approximation
Cfa =1+0.2 [TIO = 037]
The exponents in the iteration formula for A derive from the particular
energy confinement scaling adopted:
1

Pl1- ap
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q may be inserted as a function of A, which generally implies that fa is
also A-dependent. For q # f(A) fpo = 1 describes the "optimum" situation
in which for a given fusion power the neutron wall load is a maximum.
fao > 1 means that the configuration has a lower aspect ratio than the
optimum one and vice versa. For q(A) a factor Cfo may be imposed on
fa(A) again with Cra > 1 for lower than optimum aspect ratio and vice
versa. Since the inclusion of typical energy confinement scalings in the
optimization process produces extremely flat A dependences and hence
misleading results, the geometric optimization is kept independent of
any confinement scaling (see 2.6.4).

An example for q(A) is the relation used for the ITER studies”:

Jos =
AZ
q =4y
(1.17 - 9—6—5)
A
which implies the following definition of fa for q = fq(A) (see 2.6.4)
+ 4 0.65

h 2O TS (aZ-1) (117 A-0.65)




In order to show one example of how the aspect ratio iteration equation
may be modified for another set of given input parameters, an expres-
sion listed and explained below is used for substituting a given q value
in the A iteration for a given value of the fusion power. With

q \Cp fiee

and after insertion into the above A iteration relation, one gets
1
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All further equations hold for the above iterated aspect ratio only.
The ratio of the plasma current divided by Bmax deriving from the g-
equation and consistent with the above iterated aspect ratio is

I 5fK)] fi
- 7 UBs
Bmax q f2 A
or
* 1 2
E k(ap—ak) [3[1+“n'2“p]+2“1—%+(1p+a3]
fy

[‘IR—“P-(l'H’n"zap)—aB]

i [op—op+(1 401, -20p )+t fK)] [3(1 40tg20t5)s 20 -0tgrctpacty]
I [3[ 1+0,- 2050+ Zu.j—aR+ap+aB] Z‘
- g X
Bmax 2[2(1 02001+ [200+ 3o T0tp-3( 1401, - 2050t

B max[3(1 +06,-200p}+ Zcx[-{xR+a,,+uB] tBS[3(1 +00,=20p)+ Za]—aR+a,,+aB]
[205+ 30p-Top=3(1 +o-20p)0g]  2[30tp+ 21402085} + 0g—0tgr ]
£ [3(l+an-2ap)+2a]-aR+ap+aB] f3 [ 3(1 +0,-205)+ 2a[—aR+ap+uB]
[og—otp{ 1+t~ 200p) 1
f1 [3(1+an—2ap]+2al—aR+ap+aB]

The blanket/shield thickness is about 1 m and varies rather weakly
with the neutron wall load, and hence it may be adjusted in a final step.
The relative toroidal field is
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The major plasma radius becomes
f3 A q ] | f3 A3
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The fusion power is
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The average neutron wall load follows from
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The definitions of C*psg = Cpsp [q/f(k)]2, C*pfw, and f(k) are
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For the average electron density one has
5 t{k)] ff

2
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These equations are written in terms of tgs or of f(k)/q, where obvious-
ly the second form is more suitable for exploring the appropriate range




of the safety factor. Consistent inclusion of tgs is taken care of by the A-
iteration already.

For Q one has (with Cg = 0.675, e.g.)

2
NpT
572 Y%kg | n. | CopTig f)
Q= max BS —
4 FB 11 Cfa A fz
1+—
e

Iy By gkqyA
Fg =1 I—l CB\/K_l 5Cp N
Since Cgi" is a function of Q , for lower finite Q the aspect ratio has to be
calculated including the A-dependence of Q (see above).
Sometimes it may be attractive to prescribe the value of Bpol. This leads
to an additional condition on, for instance, the Troyon coefficient g

L
g5 KA

which must be used in the iteration of A and in Cpgg, Q , ne, and Fg.

The inductive burn pulse length for pulsed operation decisively determ-

ines the necessary configuration. For steady-state operation it has to be

sufficiently above zero to ensure the implied inductive start-up condit-

ion. It can be approximately calculated from

f; tTF)Z 33 g Bon
Colm | A e O S
04n f32, t%s ¢(A f3 R f; ﬂk) Bmax l L( )

£ Fg Foy flo.A)
For explanation of various functions contained in this equation see 2.4.
Ci is a correction factor that can be set to 1.0. For large tg: BoH = Bmax.

Geometry and energy related quantities can be calculated as follows.
For the plasma volume one has

(g

f5
V=2n2kt§Sf—3A
2

In order to evaluate the toroidal magnet energy roughly, one can use
the ratio of the toroidal magnet volume to the plasma volume. One gets

Vim L ctssiafa BN (10 o roag
Vv fpw a fp“- f3 fpw fpw f3
which gives an approximation for the toroidal coil bore volume

f3 f;)?
VM = 2 72 ktﬁs—3A(A~—)
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The toroidal magnetic energy is then (approximation)

51 ) ff &
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Similarly, the approximate evaluation of the poloidal field energy yields
8 A
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which translates into
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2.2 Tokamak reactor formulary for tgs = O (unshielded configurations,
DT experiments):

For this case all equations as shown for tgs > O can be converted into
their form for tgs = O using the following transformation equations.
Starting from the general geometry relations modified for tgs = O

B 1 B 4 I
=1- : = 1+
B o Afow  Bmax 9fa Afhy
one finds A to be fixed already by fpw and fa:
(91 +4)

fow (9 fa - 4)
For q(A) an iterative solution is required with fa(A) (see 2.1).
For f] one gets after insertion of A

91 8 f3
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The new definition equation for A leads to f = O for tgs = 0.
From the general expression for tgs > O
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deriving from abbreviating the above neutron wall load equation
4 4
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one finds for tgs = O by insertion of the above relations for A, f1, and f2
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By inserting the above equations for f1, lim(tgs/f2), and A into the re-
spective parameter equations for tgs > O the corresponding equations for
tgs = O can be obtained (tgs and f2 occur only in the form tgs/f?).
For La, which takes the position that tgs has for tgs > 0, but at the same
time is a rather involved function of the input assumptions, one gets

1

*
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The plasma current divided by Bmax becomes
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For relatively low finite values Q has to be calculated iteratively (see
formula below) - for the above aspect ratio - for getting the consistent
value of Cg" to be used in I/Bmax. The relative toroidal field becomes
B 8

Bmax - (9 fA + 4)
The plasma major radius is
rola |1 (9 £4 + 4)° a1 [fuofaaJA’ _ (9fard)'A’ ”
5(K)Bmax 8 [fpw(9fA—4)]2 5f(K)|Bmax 8 g4

For the fusion power one obtains
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For the average fusion power density one has
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Also the plasma electron density has no Lp dependent form:
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Since Cg;" is a function of Q , lower finite Q values have to be determined
iteratively for tgs = O, also in order to calculate Cg* (see above).
Sometimes it may be attractive to prescribe the value of Bpol. This leads
to an addditional condition on, for instance, the Troyon coefficient g
- f(l‘) E’p fpw (9 fa - 4)

q S5k (9 fa + 4)
which must be included in the evaluation of Cpfg, Q, ne, and Fg.
The inductive burn pulse length can be approximately calculated from

( 8 i tTF)2 A3
9f,+4 R B
ol S e Bl alA)
8 flk) Bmax
(9 £, +4)® A* 12 [fove (9 fa - 4]
88 Fg Foy f{e.A)
For explanation of various functions contained in this equation see 2.5.

Cj is a correction factor that can be set to 1.0. Usually Boyg = Bmax.

Geometry and energy related quantities can be calculated as follows.
For the plasma volume one has

g

tg=04n

12 %7
V=2n2k(9fA+4) A =
812

In order to evaluate the toroidal magnet energy roughly, one can use
the ratio of the toroidal magnet volume to the plasma volume. One gets

Vim _ 1
VAT o
The toroidal field energy is then (approximation)
W. 2 _f )an‘lavaTM_(z £ ]anlaxvl
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One obtains
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The poloidal field energy becomes
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vk

2.3 A formal check of exponents

Wpn =

The fact that for tgs > O R, a, and B each depend on f3/f2, and f;/f3 re-
spectively leads to the consequence that the sums of the exponents of fi,
f7, f3 in the numerator and denominator of any expression must be
equal. For tgs = O this holds for 8, (9 fa + 4), and fpw (9 fa - 4) corre-
spondingly.

2.4 Definitions for tgs > O

The following approximate approach is used for the evaluation of the
central solenoid and toroidal field coil radial build. Besides the iterated
reactor configuration, it includes the condition of stabilized supercon-
ductors and the magnet safety discharge condition in the sense that with
a given magnet stored energy both the temperature rise and the safety
discharge time constant will not exceed certain given limitsS. In this
work kn >> 2, wh = 0.3 x 10-2 MW/m2, f(Tt™m) = f(Ton) = 5 x 104 MA2
s/m4 (T1g = Toy = 50 - 150K), p = 3 x 10-4 V. m/MA are assumed.

The values of jcTF, jcOH, OsTF, OsTFc, 0sOH are imposed. This means setting
the levels of the average current density in the stabilizer and super-
conductor cross-section of the magnets and the average tensile and
compressive (suffix ¢) stress levels in the mechanical reinforcement
cross-section without taking into account the conductor part for carrying
the mechanical load. In this work ocTF + osTEc = 800 MPa (the individual
stress levels being determined consistently) , 6coH = 400 MPa, jcTF = jcOH
= 35 - 90 MA/m? are assumed (for rapid safety discharge). The lower
values are taken for the OH magnet in order to account for pulsed vs.
steady-state operation and reduced stability with enhanced transient
losses. The filling factors giving the stabilized conductor magnet cross-
section fraction fTyp and foy can be evaluated from the input parameters.
The parameters CymTr and CymoH are fixed by jcTF, and jcon respectively
and by the values of kp, wh, p, and f(Ttm), f(Ton). The values of the
winding currents are set by the the average current density in the
stabilizer and superconductor cross-section of the magnets and the val-

ues of wp, kn, p, and f(TTnm), f(Ton). The values of X Vpactm and
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2 Vmaxon are determined by the toroidal and OH field energy. Generally,

the resulting rather large voltages for all windings connected in series
can be accommodated by appropriate circuitry. In order to take into
account appproximately the impact of discrete toroidal field coils (com-
pared with a closed torus magnet), adjustment factors fTp and fTFc are
applied. In the case of the toroidal field energy a factor of (2-fTf) is ap-
plied in order to take into account the energy increase in a discrete coil
set vs. a closed toroidal magnet. The basic (approximate) equations are

B iern |l afe e fi -t ]
max 2 1 +BS_i_TF 2+§ 2_2__1_+_l§
tTr 0.8 n OTE A f3 R 2R ) R 1 A f3 R
— = frp - .
R _f_l__ﬂ 2_2_&@}3 f_l 2_2_f1_+E£T.£
Afy ZRL Af3 R R Afy Af; R R‘
R O.STCOOH 2 BOH O.8TCO0H 2 d f] UTE
=|— 4 — = —_ =|— = —
of B, 3] 0.4moy B, 3| " (Afz R
h ot
doy Afy R

2
Bou 3
2
Co=[1- Gon 1908
Ron 3 RZ,
=1= 1 o 1
0 3 5
(O_m +;) O.STIIO'OH + 2
> EOTO0H o £
BOH BéH 3
with the specific relations for the safety discharge conditions
kpwy)® 1 ; W
Itm = ( 5 ) = Z Vinax T™ = jéTm I*T_)
JcT™ ™ ™
. £ _f > ZVmaxTM kp wy . f(T ) - Bmax
JTF = ItMm )™M = ITM Wiy ) ™ P o T
kWi 15 el 2 Won
Ion = ( hp h) 3 2 Vinax OH = JcoH Ton{Ton)
JcOH oH I{1oH

: eI o f 5 EVmaxOH khwh zf(T ) N BOH
JoH = Ion Jcon = Ion Worr P OH __0-4deon
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One has

) 5 / ZVmaxt™ (k h Wh - Biis
JetMm = f(TTM)
Wrn P

- 0.4 n )\ trp
o - 5/ ZVmaxon (kp wp | Tor) = B
€Ol WOH P G - 0.4 T fOH dOH
and .
2 Vinax T joTM
Cvmrr = = 5
W Ky, Wi,
5 f{Tyn)
2 Vinax OH j2ou
Cymon = =

Won Kp, Wi |2

( 5—| f(Ton)
Introducing the tensile stress in the coil support structure incl. casing
OTF

OsTF = Y _oH
| il o OH= T %
(1 - ) : (1 - fon)
one has the following iteration equation for ttp/R:
' fi tgg t Fi- ¥
21 [BS_TF L LB _p 1  BS
Af; R."2R R . Af; " R
5 -1-
Bmax 2 _z_fl E E ..__*fl 2 _z_fl % E
tTF_f 0.8 togre Af; R R Afg Al -R..R
R TF fl 1
Af; 2R i Bmax
tte A

1t 1
R 1, BS JcTF
which leads to the toroidal magnet filling factor

frm = =
0.4 7 jerr s Ugs
R 6
The compressive stress from the toroidal magnet centering force is
Bib i e
& = OTFc & m AfB i Af3
T (- ) (1- £ LE j 7 Lt L Bs

R | Af3 R |
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assuming the same filling factor.

The relation beween osTrc and osTF is given by

fi trg| £ fy
Af; 2R

AT Afy
8 B fTFC
frr , 0 s
OsTrc _ _ Afy R
OsTF | B tpe £
. 2_.—1+£+£ 2+% —2_1.._+E
Af3 R 2R ! Afw R
fi tps ¢ f fi tgs t
y ey S S Wil | G S 22— =, TF
Afy R R Afg Al R R |
If the sum osTFg = OsTFc + OsTF is taken as a relevant measure of the me-
chanical stress in the TF coils, one has the following iteration equation
fi et ' ] f t f
gL s ot |, 5, B s .
In| 1(- _fTFC
fi tgs trp f; I tgs tp fi  tgs
2-2——4—4— — 2 -2 +—+ 2 ———4+—
Af3 R R Afg Af; R R Af; R
L : +
fl UTE 15
A f3 . ( f1 )
UTF fTF A f3
R
1 = Bmax
trr Afy |
0.4nm— 7 UBs jcTF
2
Bmax
0.8 s GSTFg
For the relative OH coil thickness one gets
2
( fi tTF) Bow : Bon
Af; R |/08no Af
3 T Gs0H re 3
don _
R

7 s Jcon
2 Bdy
1+ = ———
3 0.8 b9 GSOH
and for the OH coil filling factor
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Sl v
BOH 308~ Os0H

fon = = .
041] ;e s Al BonJeon | 4
' OH R f2 i A f3 R fz e 2 Oson
Now the OH magnet energy can be determined:
B 1 1 1
WOH = 0—8 Rg') 1- + 3 2 HOH
' 0.8n0501(1-fop) 2 0.8760p 1-fon) -2
= L.
Bou 3 B 3 }
From
EVma.\'TI\l = CVMTF WTM z VimaxOH = CVMOH WOH
the safety discharge voltages follow.
The safety discharge time constants can be evaluated from
2Wrm  2f(Ty) 2Woy 2 f(Top)

TT™M TOH

ItM 2 Vinax ™™ je™ Ion 2 Vmax o jcoH
The method adopted yields a uniform and consistent picture of the
parameter variation in the fp range considered, particularly for the at-
tainable inductive burn pulse length.
For evaluation of the inductive burn time one has the following addit-
ional definitions:

3/2
fla.A) 4.3—0.6A( 1+ay )

One can put Boy = Bmax for maximum inductive burn pulse length.

For the average radiation loss density one has from bremsstrahlung and
impurity radiation8
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e ne e

Lmax
51 n ny_(z-
Pragq = 0z [0.01695 T ( nDT+4£)+1O‘ 3143Ty) E ng(s., -0.331n 10 Ty)

y

and from synchrotron radiation (total reflection coefficient Ry)?

- 10 z
Bmax tes | |8 f(K) e £
It has to be noted that the radiation loss density for synchrotron radiat-
ion is a fictitious quantity which just relates the radiation escaping from
the plasma to the plasma volume. Also the form depending on ne2 is
given for practical reasons. The total reflection coefficient Ry in fact
would have to be calculated for any combination of plasma parameters
and first wall material and properties. For metallic surfaces without

holes Ry = 0.85 seems to be a good estimate.
This yields with the definition

555 {Diadi ¥ Doy )

Psy = nz 0.000002731

F_Br i Pr
the following equation for the relative radiation losses:
5 0.3390 (nm nHe)
o - 3 +4 —|+
FB]" nDT 1.5 I’le ne
Cor T10
e
(1+3Ty0) &\ g (ae
0.020 Z D7 5(37-0.331n 10T
npr)’ 2 Ne
Copr T1o 2 =0
e
5 Sl
0.00005462 | (1- Ry) L5 o B3

2
Tio

Bmax tBS

0.5
G
npr L g f(k) e
CoEf
Ne

which has to be included in the aspect ratio iteration equation.
The following B-values can be derived:
5 g f{k) 5 _25kg? 5kgqA
R PETE T q

For the purpose of understanding the relations essentially determining
an accessible aspect ratio one can derive the following equations for the
energy confinement time, namely one for the confinement requirement:
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4.80(1- %) (1 ni)Z[l—ap] (f3)2(141p) A1)

I 5 £{ig) 7 f,

+ —_—
e f1
q

1-op 2( L= aP) O
o B L TS RO D
fa g FBI‘ Q

and one for the confinement capability offered by the respective scaling:
Col ") 5% £, [5 flk) Gl [2(o-g)rasorg) [ 13 EBs [ewtonsara)

(otp— o) Brmax o =

25 g] e q 2

rfl-o) = ( Ca

\%n
(1+ -n—‘) Ty o™ ko) (fﬁ
Ne f1

It can be shown that equality of the two expressions (quoted in a form
that lends itself to an easy transformation for tgs = 0) leads to the iter-
ation equation for the aspect ratio. It is seen that there is no reactor
geometry or operation parameter involved rather than the specific input
data. The required confinement time increases with increasing aspect
ratio, while the confinement capability decreases as the configuration
gets more slender. It can be seen from the above equations in what
sense the intersection point for the confinement time determining the
configuration and the reactor power will shift if any input data are
changed. Note, however, that A itself is fixed by the input data.

So far one selected confinement scaling has been assumed. It is, how-
ever, straightforward to evaluate the necessary enhancement factor re-
quired for any confinement power scaling on the basis of a given con-
sistent reactor parameter set using a certain confinement power law.
Below as an example the evaluation equation for fH93yp based on the
parameters resulting from a given value of fggp is shown:

Tél_ C‘P) =

A[S(un—(xp]+ Zul—aR+txp+0'.B]

)[Z(an—ap)+a]+a5]
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fhozpp =

[3(1+an~2ap]+2a,—aR+ap+aB]93HP

[3(1 +0,-20p)+ 2a{—aR+ap+aB]

89P

(5 B f])[2(1+a“_2ap)+ul+a3]sep (%

[aa‘*aﬂ‘z'ul"?’a?]sap
f;

(s
$1)gop k(ap—ak)sgp f3[3(1["*‘2(14'&71_2&;!}"‘&8—(1]%_0'&]89?

fygop

q

[f(k)][(l"“n‘zaf’)*“i]sap

(

f,
R P

. b [orogra-3o),,,
(5 Bmax fl)[Z[lmn Zap)+oc,+a5]9mp (E)

sl

f(k)][(1+u”_2u")+ul]93fip
\ q
A density limit definition according to PetrielO reads
ne R
with Cn = 5. .
After insertion of the respective relations this yields
25¢ B 1.17 - i) £
. max 1
5 flk tgs < C
Cra Tho n; fi) 1 ¢ LA pit | = F
1+— gy S
n 2
¢ A

This relation can be used for determining g (during the A iteration) in
such a way as to comply with the density limit corresponding to a given
value of Cp. The ratio Cp of the particle confinement time to the energy
confinement time can be evaluated from

Nye N Ef
Ne T Pf
which after insertion of the respective equations becomes

Cep =
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(1- i + "5—) Ef
Nye Fgr Q

Ne ( ni)

1.20|1 + — | Tyo

ne
From the equation for the inductive burn time one can derive a mini-
mum aspect ratio that would be required for inductive start-up of the
plasma current without any subsequent inductive burn time. If attain-
able at all by the main iteration, the aspect ratio has to be
A> Amin.

The condition is defined by the following iteration equation:

i fifA mm)]%

C

Pp =

Arnin =

.
3

e ( fy tTF)2 f3 a(Amin) Bon
= , ~

Amnfs R f f(}\) Bmax
for each specific set of input parameters.
The operating point of a certain reactor parameter set can be checked
for thermal stability by satisfying the condition that the temperature

derivative of any additional heating power is negative. The pertinent
equations are written in terms of the volume average power:

)
Pn ~2 )
Ty

n. = const

with the definition below

0 n2 (npr)2 8|Corr Tto n;
( ph) = i( DT) [0 )+0.24ne 1+ — I
n, = const.

aTl() B 20 Ne aTIO N, TE[]- _ ap)
Zmax
n
3|(1+3Ty) Z ;gz(s.'/ -0.331n 10 To)
e
n n _
nz { 2008 ?75{ OT 14 ”e)+10‘3 Z =6
T](.) \ ne ne 8T10
5 0.5 35 05
5 .|B2.(1-R,) S
+ng> 0.000002731[12.5]”‘ ’“‘“t 2.5 Ty ——
BS 3A

The consistent reactor parameter values for the operating point have to
be inserted.
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2.5 Definitions for tgs =0

For the evaluation of the central solenoid and toroidal field coil radial
build only those equations are listed that differ from the case tgs > O:

Bhax | 8 Urr it '
e — [ + y S B
tre 0.8 mopf (9fy+4) 2 R1 9fA) (9 4+ 4)
R 8 Urr 16 UrE 4 16 Urf
= 2= + e
(9fa+4) 2R|™ (9f,+4) R (9fs+4) R
0.8nooy 2} Bon 0.8y 2 8 UrE
ROH = 2 * = . = 2 +35 dOH = = R
BOH 3 0-4RJOH BOH - 9 fA +4 R
8- Uyr
dOH 9 fA +4 R
R 0.81[0'0}.{ 2
———+=
Bon 3
The following iteration yields trr/R
8 UTF 16
- + y RO ... A
(9 s+ 4) 2Rlﬂ(9fA) (9 £+ 4)
BZ .. 16t 8! 16 trf
—_— 2 + 2 +
s 08nogry | (9fa+4) R (9fa+4) R
B 8 ) u _
(9fs+4) 2R g I

LE)
0.4 " ? R ]CTF -

which leads to the toroidal magnet fﬂﬁng factor

Bmax

frm = -
04rn jCTF ? R

Considering the the compressive stress deriving from the centering force
in the toroidal magnet system, one has

Bhax 8
5. __Omc _ 08m (9fA+4)[1_f 4
sTFc (1 B fTM) (1 _ fTM) E"_l"_f_: TFc 9 fA
R

assuming the same filling factor.
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The relation beween osTE: and osTF is given by

8 U 8 ' 8
((9fA+4) 2R)(9fA+4) (9fA+4]
1 - frre

frr -
OsTFc = | (9 fA + 4)
ot [, 8 5 syidbr 1

(9 fa +4) 2R1n(9fA) (9 s +4)
516 v iull SR (I
(9fa+4) R (9fa+4) R |

If the sum osTFg = OsTFc + OsTF iS taken as a relevant measure of the me-
chanical stress in the TF coils, one has the following iteration equation:

8 UrF 9 1A 16 4
2= Inf —2|-|2 - [ e
. ( 9fA+4+2R) 4) ( 9fA+4) 9T,

=EE LT

trr 9f,+4 2RJ|" 9f,+4 R 8
X
0.8 OcTFg 1- B max
BZ
max

15y
0.4 n ? R ](_-'I‘F

For the relative OH coil thickness one gets

: T Bon N Bon
dOH 9 fA +4 R 0.8 ¥ GSOH 0.4 n R jCOH

: 1+ £ —OH 5 'B%H
3 08 I GSOH

and for the OH cail filling factor

L 2 Bow
f BOH 3 0.8 T GSOH
OH = = -
don 8 tre| . Bonjcon
04mj ——R - R 1
*leOH TR (9 fs+4 R) Z2own |

For the (fictitious) synchrotron radiation density one has the relation
(1_ Rw) 0.5 [Cfa q{l n; )]15T4 [fpw (ng_4)]OS 81.5 A
Pz 10° =
g flk)\" ne (9 £ + 4)7 195

max

Dsy = D2 0.000002731[
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(The form of the Lo equation would suggest subdividing it into an A-
dependent part and the rest for insertion in Dsy-)

In order to understand the relations between the energy confinement
time and the aspect ratio (when obviously the aspect ratio is determined
independently of almost all of the input data), one can derive the fol-
lowing equations for the energy confinement time, namely one for the
confinement requirement:

4.80(1- ) oo 2(1-o) £ 9fA—4)
5 f(k)](mp) n, 8

2(1-atp)
A3( 1-ay)

Tél— op) — [ q

(1) ) (1~
228 e capen- 23]
fa ne FBT Q

and one for the confinement capability offered by the respective scaling:
-0 * 2(1-o
LG [ (ot
(2.5 g)(‘*"‘ ) [5 f(k]](”")l 8
. él_ U.p) — Cfa q

(“ E)%Tlo““ slier2e) g 21
ne

It is seen that both equations exhibit the same aspect ratio dependence
(which is an increase of the energy confinement time with increasing
aspect ratio), and also the dependence on f(k)/q and Bpay is the same. It
can be shown that equality of the two expressions leads to the definition
equation for Cg;".

The equation for calculating, for example, fiy93up from fyggp for a con-
sistent reactor parameter set in this case reads
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fyo3np =

[3(1+0Ln—2up]+ Za,—ag+ap+a5] e
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8 | [4aa+4ag+30tl—a3—2(1+un—2(1p)—l ZGp}gmp
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: f(l\) [(1+an—2ap)+al]93Hp
| 4
For the density limit the equation given in 2.4 translates into
0.65
1.17 - —
2.5'8 By A (9fa+4) A
5 fk) Ly 590
Cta T1o (1 ﬁ) 7Y 83
7 8 1- F

This relation may be used for adjusting g in the Q iteration in such a
way as to comply with the density limit corresponding to a given value
of Cn.

The ratio of the particle to the energy confinement time remains

D~ -5
1-=—4=|E
NHe ( FBr Q.) :

Ne n;
1.2011 + — TlO
ne
From the equation for the inductive burn time one can derive a mini-

mum aspect ratio that would be required for inductve start-up of the

Cop =
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plasma current without any subsequent inductive burn time. If attain-
able at all by the main iteration, the aspect ratio has to be

A> Amjn.
The condition is defined by the following iteration equation:

[C1 A a3

C@(Aminfpw'l 1 tTF)2 fpw Q(Amin) BOH
A fPW R (Aminfpw_l) ﬂk) Bmax
for each specific set of input parameters. fa is variable during iteration.

In this case the temperature derivative of any additional heating power
is given by

0 n? (npr)? 2|Corr Tio n;
(ﬂ) = —3( DT) ( - ) +0.24 n |1+ ——1) il
N, = const T (

4 (A minfpw+1)
9 (A minfpw_ 1)

A min= 5 fA =

1
3

8T10 B 20 ne BTIO ne 1 _ ap)
Zmax
n
a|(1+3Ty0) Z E52(3.7 -0.331n 10 Ty
n n . De
s n2{ 208 i) DT+4£)+10‘3 L=t
Tio \ e e dTqo

\

4.5
+ng” 0.000002731[12.5]" (B an(1- Ry 2.5 Ti7

8
fow9fa- 4)

1
ASS L%‘S

Other definitions are identical to or correspond to those in 2.4.
2.6 Generally applicable relations and remarks

The above equations show a fundamental difference between unshield-
ed and shielded configurations. While for tgs = O the confinement capab-
ility formally increases with increasing aspect ratio, it decreases for
shielded configurations for more slender geometries. In both cases, nat-
urally, the confinement requirement provides the configuration limit.
Note, however, that A is in fact fixed by the input data.

The equations are written in the following units: m, MPa, s, T, MA, MW,
10 keV (for plasma temperature), 1020 m-3 (for plasma density).

The plasma density, temperature, and current density are assumed to
have parabolic profiles (without pedestals) with given exponents. The
volume-averaged density and density-weighted volume-averaged
temperature values are used.
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2.6.1 Fusion power density
The fusion power density is given by

n? (npr)? n? (npr)? (o v)Er n? (npr
Pr=—" (V) Ef=— 5l ==l
4 | n, T 4

(cs v) is calculated according to the approach of Johner and Fidone?, who

use the Peres fit for calculating the average reaction cross-section for
given parabolic density and temperature profiles for a 50 : 50 DT mix:

e

(ov) = (1+ o)’ Ll u’™ ov (T) du

with
1+ ay+ o
T =10 T1o w u%r
oN

and the Peres fit

S ~ ae eex4

V.= Texl UexZ

. 2 5 1 )=

with ex1=§;ex2=g;ex3=§; EX4=-be(:1?)
and a. = 2.310700x 10™ % b, = 19.98303

U(T) is given as a Padé expansion:
Pz + (P4 + PﬁT)T
1+ (P3 + PsT)T
P, = 2.818412x10 % P3 = 6.116184x10™ %; P, = 2.834474x10™ 3
Ps = 8.955113x107>; P = -5.734052x10™°
For the reaction rate as used in this work one has
(ov) Er _ (ov) 2.81952x10%

oFEf = 5 & 2
Tio Tio

UT) =1-T

2.6.2 Required confinement time
The confinement requirement deriving from the plasma power balance

is expressed in the form
n;
480(1+—
n(:

nprt g T1p =
5 51/0pT

e
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B

which leads to a relation between the required energy confinement time
and plasma fusion power density

n;
2401+ —
e 1
= 5 5 n 0.5
FBr Q e

For the available energy confinement time deriving from the confine-
ment capability there is no general relation (see under 2.4, 2.5).

2.6.3 Impurities

While nye/ne has to be estimated npr/ne, ni/ne, and Zeff are determined
by means of the following relations:

Zmax
DT He nz
=1-2 - 7Z—
4 )8 Ng 2; i
7=
Zmax
n; Nye Z
1+— =2- - Z-1)—
Ne e ZZG( ) Ne
Zmax
Zor =142—2%4 D z7(z- 1]n—Z
e 7-6 e
n
nHe = 0.1 (estimate: helium content)
e
¢ 0 =
— =0.009 + 0.006 | — s L =0 (carbon imp.)
N i Ne
n
n_o =0001 ; Z =8 (oxygen impurity)
e
2.3
n
¢ = 0.0005 (9—7) « 7 =76 (iron impurity)
ne ne

The above assumptions about the impurity content correspond to these
assumed in the ITER studies (derived from JET results).

2.6.4 Optimum reactor geometry

The "optimum" reactor geometry can be determined in the following
way by using just the fusion power equation and the radial build .
Before introducing the abbreviations f1, f2, and f3 (see 2.1), one general-
ly has the following equations. The fusion power is given by
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4 3

B a
Pr=Cpp B} [——| &
f PfB max(B ax) A

with the geometry condition on the minor radius
(Bs

,__B )_L
Bmax fpw

a=
A

In addition one has

Pp = Cppy Pw A d°

i Cpe B4 B ! a
" Cwa £ Bma_\' Az
A further expression for Pf is obtained from this equation

F Pw Cipw A’
B?’nax Clz’fB( B )8

Bmax

B 8
PfB max

3 _p. BS .

p\\ f max Cgf“, AS

This provides two.equations for Pr and pw that can be used to determine
the specific configuration in which pyw is a maximum for fixed Pg or Ps is
a minimum for fixed pw. The extrema are determined by differentiation
with respect to B/Bmax, it being taken into account that A is a function
of B/Bmax and that q (contained in Cpfg) can be a function of A. Since
two equations are always available, and the remaining differentials of A
with respect to B/Bmax have to be equal, one obtains an expression for
the optimum B/Bmax as a function of the aspect ratio. It turns out that
for both optimization goals the result is the same, namely

B 4(Afn+1) f)

and hence

Pt

which is equivalent to

Bl i 9Ofafhw A 3 A
For q = const. fo = 1 denotes the optimum situation, whereas fa > 1
means configurations with a lower than optimum aspect ratio and vice
versa. For q = fq(A) one has fa = fo(A) and a factor Cra may be imposed
on fao(A) again with Cra = 1 for the optimum situation, Cfa > 1 for lower
than optimum aspect ratio and vice versa. Hence generally one has
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4
fA (A)= CfA 1 +§

This optimization definition is used here throughout. An attempt to in-
clude the energy confinement scaling has unsatisfactory results in that,
depending on the scaling, the optimum may differ for the two opti-
mization goals and the optimum itself may get extremely flat with the
reference value outside the A-range of interest.

Thus the pure geometric approach is retained, leading to reasonable re-
ference configurations.

2.6.5 Three specific confinement scalings, their exponents, coefficients

It has been stated that particularly for tgs > O the aspect ratio iteration
equation allows one to identify differences in impact from certain input
parameters according to the respective assumed energy confinement
scal-ing. The values of individual and composite exponents as occurring
in the above equations for tgs > 0 and tgs = O are compared below for
three consecutive scalings introduced in 1983, 1989, and 1993.
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Scaling Goldston!3 ITER89P14 ITER93HP16

Exponent referring to
o 1.0 0.85 1.06 I

OR 1.75 1.2 1.9 R

Oa -0.37 0.3 -0.11 a

OB 0 0.2 0.5 B

on 0 0.1 0.17 Ne

op 0.5 0.5 0.67 P

ok 0.5 0.5 0.66 k

tgs > O:

(D=(1+on-2ap) 0 0.1 -0.17 g/Cfa
(I=(or+0ay) 1.38 1.5 1.79

2(I)+aj+op 1.0 1.25 1.04 Bmax f1
(ID+a-3ap 0.88 0.85 0.84 tgs/f2
3op+2(I)-(II)+ap 0.12 0.4 0.2 f3

Cp-Ok 0 0 0.01 k
3(I)+2a+oap+op-ar 0.75 1.5 0.7 A incl. Cg1*/fH
(D +oqg 1.0 0.95 0.89 f(k)/q

1-ap 0.5 0.5 0.33  1/[(1-5/F+5/Q)(npr/ne) 2Cogr]
1+(I) 10 1.1 0.83 14nj/ne
tag=10;

4(I1)-2(1)+3a1-120p-ag  2.52 2.15 2.32 8
20p+30r+ar-(I)-70p  2.01 1.45 2.02 fow(9fa-4)
60a+7 ar+4ar-3(1)-190p-ap 4.53 3.6 4.34 (9fp+4)

The pertinent coefficients transformed for the average density in 1020
m-3 and for the fuel ion mass of 2.5 with the respective exponents are

CiE 0.0004816 0.0006600 0.000004249

Comparing the exponents, one notes a certain similarity between the
Goldston and ITER 93HP scalings except for ag, ap, o, with some of the
differences cancelling at least partially in the composite exponents. ITER
89P scaling deviates notably from the other two in az and ar. When
commenting on the rather different coefficients one has to take into ac-
count that Goldston and ITER 89P are L-mode scalings with enhance-
ment factors of about 1.7 and 1.9 respectively for the desired ELMy H-
mode, whereas ITER 93HP is an H-mode scaling implying a reduction
factor of 0.85 for the ELMy H-mode in JET. Generally at the reactor level
ITER 93HP scaling with fH93pp = 0.85 leads to more optimistic values for
the confinement time than ITER 89P scaling with figop = 1.9 (see 2.6.6).
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2.6.6 Figure of merit fi/qy
In the course of the ITER studies” it has been claimed that there is a fig-
ure of merit f/qy which for ITER 89P confinement scaling should be
typically about 0.6. It can be seen that this expression in fact occurs in a
somewhat modified form in the A iteration equation for tgs > O and in
the LA equation for tgs = 0. After inserting q(qy) it appears as

fi

g (- Zoa]

which clearly indicates the dependence of the resulting figure of merit
on the selected confinement scaling. If fyj is meant to describe a certain
operating mode like the ELMy H-mode it may have a certain fixed value,
but it appears more likely that, depending on the selected confinement
rule, it may by itself imply a scaling dependence of the type as for 1f it-
self. Indications for this with fij93yp can be seen from JET resultsll.

The exponent of qy ranges from about 0.9 to 1 for Goldston, ITER 89P,
and ITER 93HP scalings.

Thus that figure of merit appears - assuming fixed fy-values in the re-
spective case - more as an indicator for the relation between a consist-
ent configuration and the combination of the main input assumptions.

2.6.7 Basic equations for evaluation of given reactor parameter sets

The reactor design equations were derived from a number of basic
relations consisting of reactor parameters. These can be useful to check
given tokamak reactor parameter sets for consistency or for any inclus-
ion of specific assumptions not mentioned explicitly.

One has the following expressions (with alternative forms) consistent
with the design equations in this report:

2
52 n2 Ne C

Npt 2
g : 2 p2 n? n_e I gq ]Zk 4 .4
Pr = I B° Rk = ————Cgs =I"A
r 3 ( ni)z '\ Cra 23( ni)z k) Cr| R
14—= L=
e Ne
2
4.2\ n. 2 wr 2.2 | n :
> T = o gf(k)] E134E:14 il > ;t : ZcoEfEBZ B433
23 ( ni)z Cra] R 2 ( ni) A
+— 1+—
e Ne
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nNprt : Npr :
52 | ne ¢ V1282 1 \ne gq |° I*A?
Pri=e Coef |~ o CoEf
24 Cnl a*f 2% mY flk)Cra] a*
1+— Jpt
N .
4 2
e CoEf lg ﬂk)} 2 - s Copr B? B
2¢ n; 2 g &g nce =gt ; 2
1+— 1+—
Ne Ne
2 k?
Pw =Pr S howdy [ T3
5, \n (:fPifﬁBz 2 K2
W o
e ( nqz Cra) @ 1+K
14—
ne
(nDT 3
1. \me) l gq} 1* A2 2 K
f
235pw( mY K Cra| a° 14K
e
ne
nNprt :
53 ne g flK)|* B* 2k*
= Cokf 5 3
ACqn| A 1+Kk

(HDT)Z
5 Ne 4 2 k2
=2t 21 _CB2B a

23p“( n 2 1+ K2

Tapex
ne

For the toroidal beta value one has

n. 1 n;
B=0.4 ezm(n—‘-)cfa
B Ne

while for the poloidal beta the following relations hold:
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n.Tyg. n;)| . n.Ty [qAl
Bp=——"7—| pdV= O(1+~—) Cip——k a’ = 0.4(1+—)Cf K
e 047:12 f ne 12 ne/ " g2 = |flk)

e
which means

2
2 — 25 k o2
g -
For the density one has
. 5g 1B gq A _ S'gfl) B2
= DTy (1+&) 2 flk) Cpa Tyo 22 (1 ) 2qCg Ty A(l 1’11)
ne ne
g/Cra is the so-called thermal Troyon coefficient.

The plasma current has to agree with the Kruskal relation and with the
confinement scaling

1
[ _5Ba fik) _ 1 P™ o
qA C. fy R*® a™ nJ» B™ k™
This condition leads to the aspect ratio iteration equation.
The total loss power is given by the plasma energy and its confinement
and by the plasma power balance.

Wth 0.24 Ne TlO

P=—- = (1 ne)v Py + Py — Prag - Pyy

The external heating power (for heating and/or non-inductive current
drive) can be written (second form: non-inductive current drive only)

Pe
Po=g

In.R Ig
P, = 1-—
P ( I )
Since for DT fuel Pr = 5 P, one gets

1.5 s PaatPy)l B[ 5 5
Q Pf D FBr Q

For non-inductive current drive Q can be expressed as

s i

2 (nDT)Z
152 Y084 k Ne CGEfTIO D TCZ Yo 8 k e CoEfTIO

T (1 - I—IB) f(K) (1+-n—‘) Cra 4 (1 : I—IB) (1{—;) Cfa

The inductive burn time can be derived from (for input parameters not
explained here see 2.4)

Nprt

TA= Ba

35




Zata2

"5 Fy Foyy flouA)

2
t B
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Ron B trp

R Bmax R

3. Mathematica®12 programs for tokamak reactor parameter evaluation

The files below show two simple Mathematica® programs for evaluation
of tokamak reactor parameter sets with and without a blanket/shield. It
is seen that certain values (zeff, fbr, ndte, nie) are initially given and
finally recalculated (zeffz, fbrz, ndtez, niez). This indicates that a number
of overall iterations (not contained in the programs shown) are neces-
sary in order to adjust the impurity levels to be consistent with their
definition equations. One example each is shown.

3.1 Program determining a shielded reactor configuration (tgs > 0.2 m)
The input data and hence the results (both indicated by oblique letters)
given in the first program refer to a reactor based on ITER 89P scaling
with an enhancement factor of 1.8, a blanket/shield/cryostat thickness
of 1.25 m, a maximum toroidal and poloidal field level of 16.5 T, a plas-
ma temperature of 17 keV, parabolic profiles with an = 0.5, aT = 1.0, a
Troyon coefficient of 0.03, a boundary qy of 4.5, a plasma to vessel rad-
ius ratio of 0.85, an elongation of 1.85. The design point is selected for
Csa fa = 1.

The result is a 3268 MW reactor with an average neutron wall load of
2.27 MW/m? | a plasma current of 14.5 MA, a major radius of 8.34 m.
(program Test mod. 2.1)

alphi=0.85;alphr=1.2;alpha=0.3;alphn=0.1;
alphb=0.2;alphk=0.5;alphp=0.5;

bralp=1.0+alphn-2.0 alphp;

al1=2.0 bralp+alphi+alphb;

al2=alpha+alphr+alphi-3.0 alphp;

al3=3.0 alphp+2 bralp+alphb-alphr-alpha;
al4=bralp+alphi;al5=alphp-alphk;

ala=1.0/(3.0 bralp+2.0 alphi-alphr+alphp+alphb);
al6=al2/al4;al7=(bralp+alphb)/al4;

al8=(al2-bralp-alphb)/al4;

al9=(alphi+alphr-alphp-alphb)/al4;

al10=1.0/al4;al11=all/al4;

ci=1;zeff=1.64297;an=0.5;at=1.0;ai=1.5;
fbr=24.992;ctaue=0.00066,cb=0.6746;
tbs=1.25;del=0.35;kk=1.85;ndte=0.727413;nie=0.838767;
bm=16.5;boh=16.5;

36




pi=3.141592654;,gamo=0.5;
gpsi=4.5;fpw=0.85;gtr=0.03;
t10=1.7;fh89p=1.8;faaa=0.96506227;
NIntegrate[ex1=2/3;ex2=5/6;ex3=1/3;
be=19.98303;ae=2.3107 10/-18;

p2=2.818421 10/-2;p3=6.116184 10/-2;
p4=2.834474 10/-3;p5=8.955113 10A-3;
p6=-5.734052 101-5;

tu=10 t10 uAat (1+an+at)/(1+an);

ut=1-tu (p2+tu (p4+tu p6))/(1+tu (p3+tu p5));
ex4=-be (ut/tu) ex3;

sval=(ae Erex4)/(turex1 uthex2):

y=(u/(2 an)) sval,{u,0,1}];

% ((1+an)~2)/t10/2 2.81952 10/22;

csef=%,;

ao=3.8/faaan1.3;

cfa=1.0+0.2 (t10-0.37);

fk=0.5 (1+(kkA2) (1.0+2.0 del”2-1.2 delA3));
cpfbx=5/2 (5 pi)A2/8 (ndte/(1+nie)) 2 csef (gtr/cfa)A2 Kk;
cpfw=5/fpw pir2 Sqrt[(1+kkA2)/2];

FindRoot[f1=4 (a fpw+1.0);f2=a fpw (9 (faaa (1.0+4/9 (
4/(an2-1)-0.65/(1.17 a-0.65))))-4.0)

-9.0 (faaa (1.0+4/9 (4/(an2-1)-0.65/(1.17 a-0.65))))
-4.0;

£3=9.0 fpw (faaa (1.0+4/9 (4/(a~2-1)-0.65/(1.17 a-0.65)
N

a-(((5.0 bm f1)~all)

((tbs/f2)Nal2)

((fk/(qgpsi ((1-1/a72)A2/(1.17-0.65/a))))Nal4)/
(((((4.8/(1-5.0/fbr+5.0/((5/4) pir2 gamo (kk/
(1-(5.0 cb gtr (kk/

fk) Sqrt[a] (qpsi ((1-1/a72)A2/(1.17-0.65/2a)))))) (
(gtr ndten2)/

(1.0+nie)) csef (t10/cfa) bm tbs f1/(a £2))
))A(1.0-alphp)) (((1+nie)(2.0+alphn-2.0 alphp))/
ndte/(2.0 (1.0-alphp))) ((t10~(alphn))/csefA
(1.0-alphp))/(((gtr/(2.0 cfa))Abralp) ctaue
(1.0-alphp)))/

fh89p) (kknal5) f3/al3)) ala

==0,{a,aol];

a/.9%;

a=N[%];

a=%;

faab=faaa (1.0+4/9 (4/(an2-1)-0.65/(1.17 a-0.65)));
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f1=4 (a fpw+1.0);

f2=a fpw (9 faab-4.0)-9.0 faab-4.0;

£3=9.0 fpw faab;

rr=f3 a tbs/f2;

ak=rr/a;bk=ak kk;bb=bm f1/(f3 a);

qq=(gpsi ((1-1/a72)72/(1.17-0.65/a)));

ibm=(5 fk/qq) f1 tbs/(f2 an2);

ii=ibm bm;

pfu=cpfbx/5/2 bm~4 qq/(5 fk) ibmA3 f1 a/f3:
pw=cpfbx/cpfw bm~4 1/5 fk/qq ibm/ar4 (f1/f3)A3;
pf=cpfbx/5/2 (bm~4)/(2.0 pir2 kKk) (5.0 fk/qq)A2.0 (f1/f3)A4 1/aG;
ibi=5.0 cb gtr (kk/fk) Sqrt[a] qq;

qgr=1.25 pin2 gamo (kk/(1-ibi)) ((gtr ndten2)/

(1.0+nie)) csef (t10/cfa) bm tbs f1/(a £2);
csix=((4.8/(1.0-5.0/fbr+5.0/qgr))~(1.0-alphp)) (((1.0+nie)
N2.0+alphn-2.0 alphp))/ndten(2.0 (1.0-alphp))) ((t107alphn)/
csefA(1.0-alphp))/(((gtr/(2.0 cfa))~Abralp) ctauen
(1.0-alphp));ftf=0.5;

vau=2 pin2 kk a (tbs f3/f2)A3;vautm=vau (a-f1/£3)A2;
wtm=(2-ftf) 2.5 pi kk (bm~2) (tbs/3) ((a-f1/f3)72) (f112/
f2A3) f3/a;

wpm=0.2 pi rr bm/2 (Log[8 (a/Sqrt[kk])]-1.75) ibmA2;
fla=Log[8 (a/Sqrt[kk])]-1.75;

foh=0.007 (pi/5)"2 zeff/1.5 (1+ai)~2/kk 1/t1071.5;
fala=((4.3-0.6 a)/(2 ai-1.5 at+1)) ((1+an)/

(1+an+at))A1.5;

ne=2.5 (gtr/(cfa t10)) (bm~2/(1+nie)) 5 fk/qq (f1/f3)A2 1/a73;
723=6.0;zz4=8.0;z2z5=26.0;nalp=0.1;

nz3=0.009+0.006 (0.7 /ne)"2.6;

nz4=0.001;nz5=0.0005 (0.7/ne)"\2.3;

ndtez=1-2 nalp-zz3 nz3-zz4 nz4-zz5 nz5;
niez=1-nalp-(zz3-1) nz3-(zz4-1) nz4-(zz5-1) nz5;

zeffz=1+2 nalp+zz3 (zz3-1) nz3+zz4 (zz4-1) nz4+

Z7Zo 1zz>=1). nzZ5;

nez=2.5 (gtr/(cfa t10)) (bm~2/(1+niez)) 5 fk/qq (f1/f3)A2 1/a"3;
rw=0.85;alz=3.7-0.33 Log[10 t10];

fbrz=5.0 (ndtez"2 csef t10/1.5)/(0.339 (ndtez+4 nalp)+

0.02 (1+3 t10)/t1010.5 (nz3 zz3/alz+nz4 zz4/alz+

nz5 zz5/alz)+0.00005462 ((1-rw)/(bm tbs))" 0.5/

((gtr/(cfa qq) fk/(1+niez))A1.5) (t10A3.5) (

£2170.5 an2)/f110.5);

prad=nez/2 (0.01695 t1010.5 (ndtez+4 nalp)+0.001 (1+3 t10) (
nz3 zz3Malz+nz4 zz4/alz+nz5 zz5/alz));

psy=nez/2 0.000002731 ((1-rw)/(bm tbs))"0.5/
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((gr/(cfa qq) fk/(1+niez))~1.5) (t1074) (

£270.5 an2)/f170.5;fbrze=pf/(prad+psy);
taue=(ctaue(1-alphp) 5/ alphb fh89p iiralphi rr/\(
alphr-alphp) ne”(alphn-alphp) bb/alphb/(ak/A(2 alphp-
alpha) kk~(alphp-alphk) t10/alphp (1+nie)~alphp))
(1/(1-alphp));

beta=gtr ii/(ak bb);betap=25/beta kk gtrA2;

cnx=ne 1T gpsi/bb;ctpe=2.81952 100 ne nalp/(taue pf);
khtm=25.0;khoh=38.48528;wh=0.003;rho=0.0003;sigstg=800.0;
ftt=50000;fto=50000;jctm=90.0;jcoh=55.1743;sigsp=400;
ftfc=0.5;

FindRoot[ftm=(bm/(0.4 pi))/(tdr rr) 1/jctm;

tr1=2-f1/(f3 a)+tbs/rr+tdr/2;

tfr2=2-2 f1/(f3 a)+tbs/rr;

tdr-(bmA2/(0.8 pi sigstg (1-ftm)) ((fef/(f1/(f3 a)-ttfr/2) (tfrl/
(dr2+tdr) Log[(2+tbs/rr)/(f1/(f3 a))-1]-tdr2/(dr2+ttfr))+
(f1/(f3 a)) (1-ftfc f1/(£f3 a)/(tfrl-ttfr/2)))))==0,

{ttfr,0.1}, MaxIterations ->30];

ttr/.%;

ttfr=N[%];

tfr=9¢;

ttf=tdr rr;roh=(f1/(f3 a)-ttfr) rr;

ftm=(bm/(0.4 pi))/(ttr rr) 1/jctm;

sigstc=bm~2/(0.8 pi)/(1-ftm) f1/(f3 a)/ttfr (1-ftfc f1/(f3 a)/
(tfri1-ttfr/2));

sigst=sigstg-sigstc;

sigt=sigst (1-ftm);

sigtc=sigstc (1-ftm);

fohm=(1+2/3 boh”2/(0.8 pi sigsp))/(1+roh boh jcoh/

(2 sigsp));

dohr=boh/(0.4 pi rr fohm jcoh);

hoh=4 (ak kk+ttf/(2 kKk));

woh=boh"2/0.8 (1-1/((0.8 pi sigsp (1-fohm)/
bohA2)+2/3)+1/3 1/((0.8 pi sigsp (1-fohm)/bohA2)+2/3)A2

) roh”2 hoh;doh=dohr rT;

cphi=1-1/((0.8 pi sigsp (1-fohm)/

boh”2)+2/3)+1/3 1/((0.8 pi sigsp (1-fohm)/boh/A2)+2/3)A2;
jtf=bm/(0.4 pi ttf);joh=boh/(0.4 pi doh);

iitm=10/3 ((khtm wh/rho)A2)/jctmA3;tautm=2 10/3/(cvmtf iitm);
iioh=10/73 ((khoh wh/rho)»2)/jcoh”3;tauoh=2 10A3 woh/(vmoh iioh);
tb=0.4 pi (f3 tbs/f2)A2 (cphi (f1/(f3 a)-tdr)A2 an3 £3

/f1 qq/fk boh/bm-ci fla)/

((1-ibi) foh fala);

sigp=sigsp (1-fohm);
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cvmtf=jctm/S5/((khtm wh/rho)/2 ftt);

cvmoh=jcoh”'5/((khoh wh/rho)/2 fto);

vmtf=cvmtf wtm;vmoh=cvmoh woh:;

tautm=2 1000/(iitm cvmt);tauoh=2 1000/(iioh cvmoh);
roh+ttf+tbs+ak/fpw
StingForm["g="",qy="",D="",k="""gtr,gpsi,delkK]
StringForm["fpw="",go="",T10="",Bmax = """,fpw,gamo,t10,bm]
StringForm["CsEf = *°, Cfa= """, fH89P = * " " csef,cfa,fh89p]
StringForm["CfA = ", CfAxfA = "7, tBS = ~ "" faaa,faab,tbs]
StringForm["nDT/ne = " ", ni/ne= """, Fbr = * "",ndtenie,fbr]
StringForm["Csi* = *°, CP{B* = " °, CPfw = ~ " csix,cpfbx,cpfw]
StringForm["CtE = " *,CB = """ ctaue,cb]

StringForm["al = " ",a2="",a3="",a4 =""",all,al2,al3,al4]
StringForm["a5 = " ",aN="",aT="",al="""al5an,atai]
StringForm["a6="",a7="",a8="",a9 = " ""al6,al7,al8,al9]
StringForm["al0= "",all="",Ci="",BOH = """,al10,al11,ci,boh]
StingFormi['A= " ",R="",a="" ,b=""ammakbkl]

StringForm["Pf = " ", pw= """, pf= """, IB/I = " "",pfu,pw,pf,ibi]
StringForm['I="",q="",B="",f(k) = *"",ii,qq,bb,fk]
StringForm['Q = "7, /Bmax= """, ne=""",qgr,ibm,ne]

StringForm["V ="",VIM=""/Wt="",Wp = ~ "" vau,vautm,wtm,wpm]
StringForm["ndtez = " °, niez = ", zeffz = ~ *" )ndtez,niez,zeff7]
StringForm["'nez = ~ ", nz2 = "7, Zeff = * " ",nez,nalp,zeff]
StringForm["'nz3 = ", nz4 = " *, nz5 = * """ nz3,nz4 nz5]
StringForm["fbrz = ", cnx= ", ctpe = * " fbrz,cnx,ctpe]
StringForm["prad = " *, psy = ~ ', fbrzc = ~ *",prad,psy,fbrzc]
StringForm["tauE="",R="", Rp = """ taue,beta,betap]
StringForm["khtm = ~ *,khoh = ", ftt= " °, fto = ~ ", khtm,khoh,ftt,fto]
StringForm["wh = " ", rho= "7, fam = * "",wh,rho,fm]
StringForm["fohm = " *,Cvmtd'= " *,Cvmoh = * *,Vmoh = "~

" fohm,cvmtf,cvmoh,vmoh]

StringForm["Vmt = "",ITM="",I0H= """, WOH = ~ "",vmt,iitm,iioh,woh]
StringForm["tTF = "",dOH = "",ROH = ", HOH = " "",tf,doh,roh,hoh]
StringForm["st="",sp="",jTF="",jOH = """ sigt,sigp,jtf,joh]
StringForm["sst= """, ssp="",jcTM = ", jcOH = """ sigst,sigsp,jctm,jcoh]
StringForm["ssg = * °, sstc = "7, ftf = "7, ftfc = ~ " sigstg,sigstc,fif ftic]
StringForm["tb = * ",tautm = " ",tauch = * " ",tb,tautm,tauoh]
sigst=sigstc (ftf/(f1/(f3 a)-tdr/2) (tfrl/

(dr2+tdr) Log[(2+tbs/rr)/(f1/(f3 a))-1]-tfr2/(dr2+tdr)))/
((f1/(f3 a)) (1-ftfc f1/(£f3 a)/(tfrl-ttfr/2)))

8.3378

g=0.03,qy=4.5,D=0.35k=1.85
fpw=0.85,g0=0.5,T10=1.7, Bmax = 16.5

CsEf = 4.23043, Cfa = 1.266, fH89P = 1.8
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CfA = 0.96506227, CfA x fA = 1.00395, tBS = 1.25

nDT/ne = 0.727413, ni/ne = 0.838767, Fbr = 24.992

Csi* = 183.565, CPfB* = 0.53031, CPfw = 86.3316

CLE = 0.00066,CB = 0.6746

al = 1.25,a2 =0.85,a3 = 0.4, a4 = 0.95
a5=0.,aN=0.5aT=1.,,al=1.5

ab =0.894737,a7 = 0.315789, a8 = 0.578947, a9 = 1.42105
al0=1.05263,all =1.31579, Ci = 1, BOH = 16.5 .
A=4.16631,R=28.3378,a=2.00124, b= 3.7023
Pf=3268.33, pw = 2.26884, pf = 2.68023, IB/I = 0.592341
I=14.5123, q=3.94132, B=9.3671, f(k) = 2.54246

Q= 25.7346, I’/Bmax = 0.879535, ne = 1.28734

V=1219.42, VTM = 3955.67, Wt = 207148., Wp = 1598.59
ndtez = 0.727413, niez = 0.838767, zeffz = 1.64297

nez = 1.28734, nz2 = 0.1, Zeff = 1.64297

nz3 = 0.0102308, nz4 = 0.001, nz5 = 0.00012314

fbrz = 24.9919, cnx = 5.15647, ctpe = 7.47315

prad = 0.069307, psy = 0.0379371, fbrzc = 24.9919

tauk = 1.81214, 8 =0.0232248, Bp = 1.79226

khtm = 25., khoh = 8.48528, ftt = 50000, fto = 50000

wh = 0.003, rho = 0.0003, ftm = 0.107873

fohm = 0.24354, Cvmtf = 1.88957, Cvmoh = 1.42037. Vmoh = 66420.5
Vmtf = 391421., ITM = 85.7339, IOH = 42.8669, WOH = 46764.9
tTF = 1.35244, dOH = 0.977163, ROH = 3.38096, HOH = 16.2713
st =402.591, sp = 302.584, jTF = 9.70861, jOH = 13.4371

sst =451.271, ssp = 400, jcTM = 90., jcOH = 55.1743

ssg = 800., sstc = 348.729, ftf = 0.5, ftfc = 0.5

tb = 34457.1,tautm = 12.3457,tauoh = 32.8493

451.271

3.2 Program for determining an unshielded reactor configuration

The input data and hence the results in the second program given refer
to an unshielded reactor configuration based on ITER 89P scaling with
an enhancement factor of 1.8, a maximum toroidal and poloidal field
level of 16.5 T, a plasma temperature of 17 keV, parabolic profiles with
an = 0.5, ar = 1.0, a Troyon coefficient of 0.03, a boundary gy of 4.5, a
plasma to vessel radius ratio of 0.85, and an elongation of 1.85. The
design point is selected to have the same Csa fa close tol and the other
input data as in the previous case.

The result is a 2290 MW reactor configuration with a neutron wall load
of 4.52 MW/m2, a current of 15.7 MA, and a major radius of 4.21 m.

(program Test mod. 2 0.1)
alphi=0.85;alphr=1.2;alpha=0.3;alphn=0.1;
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alphb=0.2;alphk=0.5;alphp=0.5;
bralp=1.0+alphn-2.0 alphp;

al1=2.0 bralp+alphi+alphb;
al2=alpha+alphr+alphi-3.0 alphp;

al3=3.0 alphp+2 bralp+alphb-alphr-alpha;
al4=bralp+alphi;al5=alphp-alphk;
ala=1.0/(3.0 bralp+2.0 alphi-alphr+alphp+alphb);
al6=al2/al4;al7=(bralp+alphb)/al4;
al8=(al2-bralp-alphb)/al4;
al9=(alphi+alphr-alphp-alphb)/al4;
al10=1.0/al4;al11=all/al4;al12=1.0/al2;
all3=al4/al2;al14=al3/al2;al15=al5/al2;
all6=all/al2;al17=(6 alpha+7 alphr+4 alphi
-19 alphp-alphb-3 bralp)/al2;al18=(alphi

+2 alpha+3 alphr-7 alphp-bralp)/al2;

al19=(4 alpha+4 alphr+3 alphi-12 alphp
-alphb-2 bralp)/al2;

ci=1;zeff=1.56002;
fbr=31.6508;ctaue=0.00066;cb=0.6746;
pi=3.141592654;gamo=0.5;
an=0.5;at=1.0;ai=1.5;
qpsi=4.5;fpw=0.85;gtr=0.03;
t10=1.7;fh89p=1.8;faaa=0.902622;
del=0.35;kk=1.85;ndte=0.735097;nie=0.845456;
bm=16.5;boh=16.5;
NIntegrate[ex1=2/3;ex2=5/6;ex3=1/3;
be=19.98303;ae=2.3107 10/-18;
p2=2.818421 10/-2;p3=6.116184 10/-2;
p4=2.834474 10/-3;p5=8.955113 10A-3;
p6=-5.734052 10/-5;

tu=10 t10 unat (1+an+at)/(1+an);

ut=1-tu (p2+tu (p4+tu p6))/(1+tu (p3+tu ps));
ex4=-be (ut/tu) ex3;

sval=(ae Erex4)/(turex]1 uthex2);

y=(u(2 an)) sval,{u,0,1}];

% ((1+an)”2)/t10/2 2.81952 10122;

csef=%;

ao=3.1/faaan0.85;qgro=30 gamo;

cfa=1.0+0.2 (t10-0.37);

fk=0.5 (1+(kk"2) (1.0+2.0 delr2-1.2 del"3));
cpfbx=5/2 (5 pi)A2/8 (ndte/(1+nie)) 2 csef (gtr/cfa)"2 KK;
cpfw=5/fpw pir2 Sqrt[(1+kkA2)/2];
FindRoot[a-(9 (faaa (1.0+4/9 (4/(a”2-1)-0.65/
(1.17 a-0.65))))+4)/(fpw(9 (faaa (1.0+4/9 (4/
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(an2-1)-0.65/(1.17 a-0.65))))-4))==0,{a,a0}];

a/ %;

a=N[%];

a=%;

qq=(qpsi ((1-1/a72)A2/(1.17-0.65/a)));

faab=faaa (1.0+4/9 (4/(a~2-1)-0.65/(1.17 a-0.65)));
f11=9 faab+4;f22=fpw (9 faab-4);

FindRoot[ibi=5.0 cb gtr (kk/fk) Sqrt[a] qq;

qgr-1.25 pir2 gamo (kk/(1-ibi)) ((gtr ndter2)/
(1.0+nie)) csef (t10/cfa) bm ((qq/fk)Aall3 ((((4.8/
(1.0-5.0/fbr+5.0/qgr))~(1.0-alphp)) (((1.0+nie)
A(2.0+alphn-2.0 alphp))/ndte~(2.0 (1.0-alphp))) (
(t10Malphn)/csefA(1.0-alphp))/(((gtr/(2.0 cfa))A

bralp) ctaue/(1.0-alphp)))/fh89p)~all2 (kk/all5)/

(S bm)/~all6 8/all9 (f22/al18)/f11/all7) (f11/8)A

3 an2==0,{qgr,qgro}];

qgr/ .%;

qgr=N[%];

qgr=9%;

csix=((4.8/(1.0-5.0/fbr+5.0/qgr))~(1.0-alphp)) (((1.0+nie)
(2.0+alphn-2.0 alphp))/ndte/(2.0 (1.0-alphp))) ((t10/alphn)/
csefA(1.0-alphp))/(((gtr/(2.0 cfa))Abralp) ctaueA
(1.0-alphp));

lagr=(qq/fk)/all3 (csix/fh89p)~rall2 (kkAall5)/(5 bm)A
all6 8/al19 (f22/al18)/f11/all7;

rr=(f11/8)74 a”3 lagr;

ak=rr/a;

bk=ak kk;bb=bm 8/f11;

ibm=(5 fk/qq) (f11/4 lagr)/(8/3 £22);

ii=ibm bm; .

pfu=cpfbx/5/22 bm”~4 qq/(5 fk) ibmA3 8 a/f22;
pw=cpfbx/cpfw bmA4 1/5 fk/qq ibm/ar4 (8/f22)A3;
pf=cpfbx/5/2 (bm~4)/(2.0 pir2 KK) (5.0 fk/qq)~2.0 (8/f22)/4 1/a/6;
ibi=5.0 cb gtr (kk/fk) Sqrt[a] qq;

qgr=1.25 pin2 gamo (kk/(1-ibi)) ((gtr ndter2)/
(1.0+nie)) csef (t10/cfa) bm lagr (f11/8)A3 an2;

vau=2 pir2 Kk (f11/8)A12 a7 lagr3;
vautm=vau/fpw/2;ftf=0.5;

wtm=(2-ftf) 2.5 pi Kk ((bm/fpw)~2) lagrA3 (f11/8)A12 ar7;
wpm=0.2 pi (Log[8 (a/Sqrt[kk])]-1.75) bmA2 (5 fk/
qq)"2 lagrA3 (f11/8)710 ans;

fla=Log[8 (a/Sqrt[kk])]-1.75;

foh=0.007 (pi/5)"2 zeff/1.5 (1+ai)~2/Kk 1/t1011.5;
fala=((4.3-0.6 a)/(2 ai-1.5 at+1)) ((1+an)/
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(1+an+at))/1.5;

ne=2.5 (gtr/(cfa t10)) (bm/2/(1+nie)) 5 fk/qq (8/f22)A2 1/a"3;
223=6.0;2z4=8.0;zz5=26.0;nalp=0.1;

nz3=0.009+0.006 (0.7/ne)"2.6;

nz4=0.001;nz5=0.0005 (0.7/ne)"2.3;

ndtez=1-2 nalp-zz3 nz3-zz4 nz4-zz5 nz5;
niez=1-nalp-(zz3-1) nz3-(zz4-1) nz4-(zz5-1) nz5;

zeffz=1+2 nalp+zz3 (zz3-1) nz3+zz4 (zz4-1) nz4+

zZz5{225-1) nz5;

nez=2.5 (gtr/(cfa t10)) (bmA2/(1+niez)) 5 fk/qq (8/f22)A2 1/a/3;
rw=0.85;alz=3.7-0.33 Log[10 t10];

fbrz=5.0 (ndtezA2 csef t1011.5)/(0.339 (ndtez+4 nalp)+

0.02 (1+3 t10)/t1010.5 (nz3 zz3/alz+nz4 zz4 alz+

nz$S zz5/alz)+0.00005462 ((1-rw)/bm)A0.5/

((gtr/(cfa qq) fk/(1+niez))~1.5) (t1013.5) ((8/1.5 £22/0.5)/
f11172) (ar2/1agr)N0.5);

prad=nez/2 (0.01695 t1010.5 (ndtez+4 nalp)+0.001 (1+3 t10) (
nz3 zz3/Malz+nz4 zz4/alz+nzS zz5/alz));

psy=nez/2 0.000002731 ((1-rw)/(bm))"0.5/

((gr/(cfa qq) fk/(1+niez))A1.5) (t1074) ((871.5 £2210.5)/
f11/2) (an2/lagr)~0.5;

fbrzc=pf/(prad+psy);

taue=(ctaue/\(1-alphp) 5/ alphb fh89p iiralphi rr/\(

alphr-alphp) ne/(alphn-alphp) bbAalphb/(akA(2 alphp-

alpha) kk~(alphp-alphk) t10/alphp (1+nie)Aalphp))A
(1/(1-alphp));

beta=gtr ii/(ak bb);betap=25/beta kk gtrA2;

cnx=ne 1T qpsi/bb;ctpe=2.81952 100 ne nalp/(taue pf);
khtm=25.0;khoh=8.48528;wh=0.003;rho=0.0003;sigstg=800.0;
ftt=50000;fto=50000;jctm=90.0;jcoh=55.1743;sigsp=400;
ftfc=0.5;

csbt=(bm~2)/(0.8 pi sigstg);
FindRoot[tfr1=8/f11-ttfr/2;dr2=2+ttfr-16/f11;

tefr-((fef/drl ((2-tfrl) Log[9 faab/4]-(tfr2-ttfr))/
tfr2+(1-fdc/faab 4/9)/(f11/8)) csbt/(1-bm/(0.4 pi ttfr rr jctm
)))==0,{ttfr,0.1},MaxIterations ->30];

tfr/.%;

ttfr=N[%];

ttfr=%;

ftm=bm/(0.4 pi tdr rr jctm);

sigstc=bm~A2/(0.8 pi)/(1-ftm) 8/f11/ttr (1-ftfc 4/9/faab);
sigst=sigstg-sigstc;

sigt=sigst (1-ftm);

sigtc=sigstc (1-ftm);
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roh=(8/f11-ttfr) rr;

fr=roh/rr;

csbo=(boh”2)/(0.8 pi sigsp);

dohr=((8/f11-ttfr) csbo+boh/(0.4 pi rr jcoh))/(1+42/

3 csbo);

fohm=boh/(0.4 pi jcoh dohr r7);

sigp=sigsp (1-fohm);

doh=dohr rr;ttf=ttfr rr;

hoh=4 (ak kk+ttf/(2 kKk));

woh=boh»2/0.8 (1-1/((0.8 pi sigsp (1-fohm)/
boh”2)+2/3)+1/3 1/((0.8 pi sigsp (1-fohm)/bohA2)+2/3)A2

) rohA2 hoh;doh=dohr rT;

cphi=1-1/((0.8 pi sigsp (1-fohm)/

boh/2)+2/3)+1/3 1/((0.8 pi sigsp (1-fohm)/bohA2)+2/3)A2;
jf=bm/(0.4 pi ttf);joh=boh/(0.4 pi doh);

iitm=1013 ((khtm wh/rho)A2)/jctmA3;tautm=2 103/ (cvmtf iitm);
iioh=10/3 ((khoh wh/rho)/2)/jcoh”3;tauoh=2 10/3 woh/(vmoh iioh);
tb=(f11/8)"8 a”4 0.4 pi lagrA2 ((cphi qq/fk boh/

bm (8/f11-td/rr)A2 (f1113)/(8 £22A2))-(ci fla))/

((1-ibi) foh fala);

joh=boh/(0.4 pi doh);jtf=bm/(0.4 pi ttf);
cvmtf=jctmA5/((khtm wh/rho)A2 ftt):

cvmoh=jcoh/5/((khoh wh/rho)A2 fto);

vmtf=cvmtf wtm;vmoh=cvmoh woh;

tautm=2 1000/ (iitm cvmtf);tauoh=2 1000/ (iioh cvmoh);
roh+ttf+ak/fpw

StringForm["g="",qy="",D="",k= """ gtr,qpsi,del kK]
StringForm["fpw="",go="",T10="", Bmax= """ ,fpw,gamo,t10,bm]
StringForm["CsEf = *°, Cfa= ", fH89P = * " " csef,cfa,fh89p]
StringForm["CfA = *°, CfAxfA = *°, LA = * *" faaa,faablagr]
StringForm["'nDT/ne= ", ni/ne="",Fbr="", ",ndtenie fbr,lagr]
StringForm["Csi* = *°, CPfB* = " *, CPfw = " csix,cpfbx,cpfw]
StringForm["CtE= " ",CB = """ ctaue,cb]

StringForm["al = " *,a2="",a3="",a4 = " ""all,al2,al3,al4]
StringForm["a5 = " *,aN="",aT="",al = * "",al5,an,at,ai]
StringForm["a6 = "",a7="",a8 = " *,a9 = "~ "",al6,al7,al8,al9]
StringForm["al0="",all="",Ci="",BOH = """,al10,al11,ci,boh]
StingForm["A="",R="",a="",b="""a;rakbk]
StringForm["Pf = " *, pw="",pf = ", IB/I = " " pfu,pw,pf,ibi]
SmngFOIm["I =00 ,q = ke ’ B=" \’ f(k) = ",ii,qq,bb,ﬂ(]
StringForm["'Q = """, /Bmax = "",ne = """,qgr,ibmne)
StringForm["V = ", VIM = ", Wt= """, Wp = """ vau,vautm,wtm,wpm]
StringForm["jTF = "",jOH="", st= """, sp= """ jtf,joh,sigt,sigp]
StringForm["ndtez = * *, niez = " °, zeffz = * *" ndtez niez,zeffz]
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StringForm["nez = " ", nz2 = " Zeff = * *" neznalp,zeff]
StwingForm["'nz3 = " ", nz4 = ", nzS5 = * " )nz3nz4,nz5]
StringForm["fbrz = "7, cnx =", ctpe = " " fbrz,cnx,ctpe]
StringForm["prad = "~ °, psy = " °, fbrzc = * *",prad,psy,fbrzc]
StringForm["tauE="",R =", Rp = """ taue,beta,betap]
StringForm["khtm = ", khoh = ", ftt = " °, fto = * " khtm,khoh,ftt,fto]
StingForm["wh = " ", rho= """, fum = * *",wh,rho,ftm]
StringForm["fohm = *°, Cvmtf = **, Cvmoh = * *,Vmoh = *°

" fohm,cvmtf,cvmoh,vmoh]

StingForm["Vmtd = ", ITM = "",IOH = **, WOH = " " ",vmtf,iitm,iioh,woh]
StringForm["tTF = "*,dOH = "",ROH = ", HOH = " ", ttf,doh,roh,hoh]
StringForm(["st="",sp="",jTF = "",jOH = """ sigt,sigp,jtf,joh]
StringForm["sst="",ssp="",jcTM = ", jcOH = """ sigst,sigsp,jctm,jcoh]
StringForm(["ssg = ~ 7, sstc = *°, ff = ", ffc = * " sigstg, sigste,ftf fifc]
StringForm["tb = ~ ",tautm = * ",tauoh = * "",tb,tautm,tauch]
sigst=sigstc ftf ((2-tfr1) Log[9 faab/4]-(dr2-ttr))/tfr2/

(efr1 8/f11 (1-ffc 8/f11 1/(2-8/f11)))

4.2107

g=0.03,qyv=4.5D=0.35 k=185

fpw=0.85,g0=0.5,T10= 1.7, Bmax = 16.5

CsEf = 4.23043, Cfa = 1.266, fH89P = 1.8

CfA = 0.902622, CfA x fA = 1.00873, LA = 0.021197

nDT/ne = 0.735097, ni/ne = 0.845456, Fbr = 31.6508,

Csi* = 168.262, CPfB* = 0.537654, CPfw = 86.3316

CtE = 0.00066,CB = 0.6746

al = 1.25, a2 = 0.85, a3 = 0.4, a4 = 0.95
ay=0aN=0.5al=1;al=1:5

ab =0.894737, a7 = 0.315789, a8 = 0.578947, a9 = 1.42105
al0:=:1,05263,al1l1 =1,31579;Ci=1,BOH = 16.5

A =3.02969,R =4.2107,a=1.38981, b =2.57116
Pf=2285.13, pw=4.52304, pf = 7.69382, IB/I = 0.479253
I=15.7393, q =3.73948, B= 10.0928, f(k) = 2.54246
Q=15.3391, I/Bmax = 0.953896, ne = 2.15832

V=297.009, VTM = 411.085, Wt = 66796.1, Wp = 740.799

JTF = 19.8469, jOH = 20.495, st = 294.764, sp = 251.417

ndtez = 0.735098, niez = 0.845456, zeffz = 1.56002

nez = 2.15832, nz2 = 0.1,Zeff = 1.56002

nz3 = 0.00932115, nz4 = 0.001, nz5 = 0.0000375172

fbrz = 31.6508, cnx = 4.052, ctpe = 8.74743

prad = 0.172051, psy = 0.0710336, fbrzc = 31.6507

tauE = 0.904207, B = 0.0336618, Bp = 1.23657

khtm = 25., khoh = 8.48528, ftt = 50000, fto = 50000

wh = 0.003, rho =.0.0003, ftm = 0.220521

fohm = 0.371458, Cvmtf = 1.88957, Cvmoh = 1.42031, Vmoh = 13686.
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Vmtf = 126216., ITM = 85.7339, IOH = 42.8669, WOH = 9635.98
tTF = 0.66158, dOH = 0.640659, ROH = 1.91405, HOH = 10.9998
St=294.764, sp = 251.417, jTF = 19.8469, jOH = 20.495

sst = 378.155, ssp = 400, jcTM = 90., jcOH = 55.1743

ssg = 800., sstc =421.845, ftf = 0.5, ftfc = 0.5

tb = 4782.67,tautm = 12.3457,tauoh = 32.8493

378.155

A comparison of the two cases as principal alternatives (the second ex-
treme alternative being of some interest for assessing the possibility of
reducing the outlay of intermediate steps on the way towards a toka-
mak power reactor) shows that omitting the blanket/shield zone shifts
the optimum configuration from an aspect ratio of about 4 to a lower
value of about 3. At the same time, keeping the input data, the plasma
current increases somewhat, while the fusion power is only about 70%
as compared with the first case. Since the major radius is reduced to
about 53%, the volumes are much smaller and the magnetic energies are
less than half of those in the first case. The capability for inductively
driven burn is strongly reduced. The average winding current densities
are larger and the average winding tensile stress values are lower than
in the first case. The plasma fusion power density, the neutron wall
loading, and the plasma density are much larger than in the first case. Q
is about 15 as compared with 25, and the power for noninductive cur-
rent drive is 149 MW as compared with 129 MW for the first case with
the larger fusion power. While the first case is close to the density limit,
the second case attains only about 80% of that limit. The bootstrap fract-
ion is about 10% lower in the second case. Since both cases are very
close to the respective optimum configuration, the results indicate the
problem encountered when trying to establish low aspect ratio reactor
configurations with a blanket/shield zone. It is only a deviation from the
optimum configuration that renders it possible, but with the implicat-
ion of much lower inductive burn time.

The following units are used throughout:

1020 m-3, 10 keV, T, m, s, MW, MW/m3, MW/m2, MJ, MA, MA/m2, MPa.
The parameters are denoted similarly or directly according to the form-
ulary.

4, Evaluation and discussion

Using the above relations and programs large series of conceptual design
points can be readily determined in order to obtain a rough overview of
the accessible design space and the impact of the essential input as-
sumptions. The composition of the given specific input parameters is of
particular importance both from the point of view of their permitted
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combinations and from the point of view of the resulting reactor para-
meter sets.

It turns out that the consideration of certain levels of fusion power is
particularly helpful for efficient orientation within the infinite number
of possible conceptual design points. With all other input parameters
fixed (see Input Parameter List) the definition of a certain band-width
for the density limit C, and the boundary qy value leads to an insight
into accessible fusion power levels with certain combinations of the
remaining input assumptions. A bandwidth of 4 <Cp <6 and 3 < Qy <5
was chosen. The type of configuration (for example fa = 0.77 for "slen-
der", fao = 1.0 for "optimum", fo = 1.3 for "fat") can have a strong impact
on the accessible fusion power, depending on the energy confinement
scaling.

Assuming ITER 89P scaling, and for a given set of specific input para-
meters, one obtains band-like structures in the Cp, qy-diagram, within
which accessible reactor configurations are found. Generally these band-
like domains are bounded by lines for fixed minimum and maximum fa,
which are of type Cp = const. qy where the boundaries may be cut away
in certain regions according to the conditions imposed on the series
calculations (A < 6, tg > 500s). Within the bands the parametric curves
for Pr indicate the location in Cp, qy-space. For individual input modi-
fications the input variable with the largest impact is the plasma
operating temperature, which tends to strongly reduce the accessible
fusion power level within the Cy, qy-bandwidth, or to shift a certain fus-
ion power level towards large Cy. Next in importance of impact are the
non-inductive current-drive efficiency y, and the elongation/triangul-
arity combination which shift the fusion power level into the opposite
direction. All other essential single input parameter modifications have
by comparison a minor impact, as far as the attainable fusion power
level is concerned (Figs. 1 through 4).

As soon as different combinations of input assumptions are considered,
drastic changes can be generated. One example would be the transition
from present "conventional" parameter compositions towards the anti-
cipated future "advanced" ones which can simply be characterized by
assuming a larger Troyon coefficient together with an enhanced energy
confinement. In this case generally the attainable fusion power level
within the Cy, qy bounds decreases notably, as compared to the "con-
ventional" case, and the accessible domain is shifted towards larger qy
values (Figs. 6 through 10).

Figures 5 and 10 show each the sensitivity to individual input para-
meter changes for a fixed fusion power level.

Assuming ITER 93HP scaling, however, changes the picture considerably.
The band-like structures in the Cp, qy- diagram become broader, their
parametric fo dependence reverses, and the parametric curves for Py
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are no longer confined in a narrow Cy, qy domain, but rather extend
over a considerable Cy, qy range (Fig. 11).

Under all conditions the configuration has strong implications for the re-
sulting individual reactor parameter sets and their selection. Hence it is
interesting to show for a fixed fusion power the variation of the pertain-
ing reactor parameter set for 0.77 < fo < 1.3 with a given set of input
data. This is another way of looking at the results of evaluating the tok-
amak reactor design equations (Figs. 12 through 22). With ITER 89P
scaling (fyggp = 1.8 in order to correspond to the ELMy H-mode) and
"conventional" input assumptions, a number of parameters of the refer-
ence case (input data see Input Parameter List) with a fusion power of
3000 MW is shown vs. fa in Fig. 12. Figures 13 through 16 show the
impact of individual input parameter modifications, namely a change of
Yo from 0.5 to about infinity, of Bmax from 16.5 T to 13.5 T, of k/A =
1.85/0.35 to 1.6/0.30, and of T1g from 1.7 to 1.0.

One arrives at the following observations. With constant fusion power
the neutron wall load, the fusion power density, and the plasma density
have a maximum at about fa = 1, whereas the energy confinement time
and the toroidal magnet volume have a minimum. These features indi-
cate the "optimum" configuration. Other parameters vary notably and
monotonically. The plasma current and the TF coil average tensile stress
component increase with increasing fa, while the large plasma radius
decreases. The inductive burn time decays strongly (by up to several
orders of magnitude) as fp is increased from 0.77 to 1.3. Q , poloidal
beta, the toroidal field magnetic energy, the aspect ratio, the bootstrap
fraction (not shown), and the field ratio B/Bmax (not shown) all decrease
with increasing fa. The optimum configuration has typically an aspect
ratio of about 4 or larger and a possible inductive burn time of several
hours. Fictitious long-pulse reactors would require a burn time of sever-
al days and hence would be found at the lower end of the fo range,
where the toroidal field energy rises rapidly. The fa range in the figures.
is limited either by A < 6, by tg > 500 s, or by the upper limit taken for
fa (see the dots indicating the active limitations).

Possible short-pulse next step reactor concepts found at the higher end
of the fa range require a large plasma current and plasma volume. They
are close to zero burn time (taking into account the steep burn-time
dependence on the configuration), the sensitivity of the attainable burn
time to modifications in the bootstrap fraction scaling being rather large.
In many respects they can neither model a steady-state power reactor
with an optimum configuration nor a long-burn pulsed reactor which
would have an even larger aspect ratio than the steady-state reactor.

A specific remark on ITER appears appropriate. In order to arrive at the
present ITER parameters, the Troyon coefficient has to be reduced not-
ably below the "conventional" assumption of g = 0.03, whereas fHgop has
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to be increased above 2, and the profile assumptions have to be modi-
fied such that the fusion reaction parameter becomes notably lower
than for the profiles taken in this work (and previously for ITER).
The corresponding curves for "advanced" input assumptions with about
the same qy and Cp values are shown in Figs. 17 through 21. Compared
to the "conventional" cases the attainable levels of Q and tg generally
are considerably higher here. The neutron wall load is about the same.
With smaller dimensions the fusion power is lower also. The same holds
for the plasma current. According to the larger fygop value the corre-
sponding level of fyg3yp is higher as well.
The fa range in the figures is again limited either by A < 6, by tg > 500 s,
or by the upper limit taken for fa (the dots indicate the respective limit-
ations).
With "conventional” input, but ITER 93HP scaling, and for an identical
reactor parameter set at fo = 1 as with ITER 89P scaling (keeping con-
stant the corresponding 93HP enhancement factor over the entire fa
range) one observes a notably stronger configuration dependence with
this alternative confinement scaling. It generally leads to a clock-wise or
counter-clockwise tilt of the curves vs. fa, thus shifting the above-
mentioned maxima and minima towards lower aspect ratio. As an over-
all result one would, however, still tend retain about fo = 1 since now
the deterioration of, for instance, Q and of the non-inductive burn time
with increasing fa is much stronger than for ITER 89P scaling (Fig. 22).
In order to provide a wider overview of the implied parameter variat-
ions the attached Reactor Parameter List contains all calculated figures
for the respective reference cases, namely for three power levels at
three fa values, each for the "conventional" and the "advanced" input
data with ITER 89P scaling, as well as for "conventional" input data with
ITER 93HP scaling.
A third element for evaluating and understanding the multidimensional
tokamak reactor design relations is a collection of observations on mut-
ual dependences of individual parameters, as given in the following
statements.
- Cp tends to rise with qy, for increasing fusion power.
- Variation of Bmax mainly impacts on reactor size for fixed fusion
power.
- Non-inductive burn time increases with decreasing Bmax for fo > 1 for
otherwise fixed input assumptions and fixed fusion power.
- With the same input assumptions and within certain Cp, qy bounds
lower plasma temperature leads to lower fusion power.
- With the same input assumptions and for the same fusion power the
purely ignited reactor with inductive current drive has notably smal-
ler dimensions and consequently larger fusion power density and
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neutron wall load than a driven reactor with non-inductive current
drive.

Although a steady-state reactor does not require a long inductive
burn time, the imposed condition of a short inductive burn time
would unnecessarily lead to a low aspect ratio and hence to a large
current-drive power even with a large current-drive efficiency.
Pulsed reactor concepts operating mainly on the basis of inductive
current drive require a large aspect ratio in order to achieve burn
times of several days.

In view of the two preceding points there is no incentive at all to de-
sign a next step tokamak facility with low aspect ratio which would

be far off any configuration to be considered for a power reactor.

The existing uncertainties in confinement extrapolation call for a re-
actor-relevant geometry of future tokamak development steps.

For finite Q the pertaining non-inductive burn time is valid for a situ-
ation in which at this same Q no current drive is present.

Because of the available very long inductive burn time of steady-state
"optimum" reactor configurations these do not require the same high
magnetic field level in the central solenoid as in the toroidal field Sy-
stem.

The introduction of a larger Troyon coefficient and of a larger confine-
ment enhancement factor ("advanced" assumptions) leads to a lower
fusion power level for essentially the same C,, and Qy values, to a
much lower plasma current, smaller plasma dimensions, about the
same neutron wall load, a much larger Q value (mainly due to a very
large bootstrap fraction) and a very long inductive burn time, as com-
pared to a "conventional" case.

For "advanced" input assumptions presently envisaged current drive
efficiencies may suffice for arriving at very high Q-values in steady-
state reactor concepts, provided a thermally stable operating point is
possible with the bootstrap current fraction < 1 but close to 1. Note,
however, that operating with Ig/I close to 1 renders the operating
point very sensitive to minor parameter variations.

The presently dominating energy confinement scalings differ remark-
ably. Hence in a series of reactor parameter sets vs. fa for a constant
ITER 89P enhancement factor the corresponding ITER 93HP enhance-
ment factors increase notably with increasing fa, and vice versa.

ITER 89P scaling appears almost indifferent against configuration
modifications, whereas ITER 93HP scaling introduces a rather strong
sensitivity to configuration. The true role of the enhancement factors
in both cases is not known. It seems that fyg9p = 1.8 could character-
ize ELMy H-mode operation with its value constant for a wide config-
uration range. The same is not obvious for constant f93yp.

31




- Arange of 0.77 <fa < 1.3 essentially covers the possible relevant var-
iations in torus geometry. Depending on the input assumptions and
their composition, the accessible fo-range may be modified according
to imposed limitations in A, tg, Cp, and qy. The effective limitations
are indicated by dots in Figs. 12 through 22.

- In order to be able to really design a fusion power reactor and to
safely predict its performance all parametric dependences need to be
known very accurately. Hence a development program is needed that
aims at a high degree of orientation towards a power reactor.

- Unshielded reactor concepts constitute an extreme case more suited to
comparing experimental devices for their reactor capability.

- Itis interesting to note that the JET configuration (tgs = 0) is close to
fa = 1, hence it is at the "optimum" for an unshielded experiment.

5. Conclusions

It has been shown that consistent tokamak reactor parameter sets can
be readily evaluated on the basis of the formularies given. Particularly
for shielded configurations it is possible to see the essential impact of
the input data on the configuration and to understand in some detail the
consequences of the energy confinement scaling applied. Previous ap-
proaches towards such a tokamak reactor formulary are given in some
of the published reactor studies and in, for example, 1.3,4,

The approach described here is particularly well suited for a consistent
impact evaluation according to changes made in the input data values
and composition. Hence a comparison can readily be made for alter-
natives that may be under discussion.

The examples given show among others that a low aspect ratio next step
tokamak reactor would be relevant neither for a steady-state power
reactor nor for a long-pulse reactor. The latter, however, has been
shown not to be competitive economically and practicallyl3.

The above material is restricted to a possible tokamak reactor unit it-
self, the results still depending on the database being developed as
published on, for example, energy confinement scaling1415,16,17 Tt does
not extend to the conceptual power station, which would require
consideration of the recycling power and overall efficiency. These
matters have been treated elsewhere2,4.

Finally, it has to be stated that this work and its findings are based
primarily on a conventional approach to design tokamak reactors deriv-
ing from more or less well-known relations as seen in existing experi-
ments. The ITER 89P energy confinement scaling is assumed as a basis,
and the impact of taking ITER 93HP scaling instead is briefly shown. As
described recentlyl8, there is some evidence, however, that a more at-
tractive tokamak regime may become accessible that comprises negative
shear, enhanced confinement time, enhanced Troyon coefficient, and a
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consistent bootstrap current distribution that complies with the pres-
sure and g-profile. The pertinent experiments, however, could establish
this regime only in transient operation so far, and it is not clear whether
and how it could be attained in steady state at all. Thus, while the pre-
sent state of the art would lead to the construction of a large and costly
tokamak reactor with a relevant aspect ratio of about 4, it may turn out
that the outlook to something more attractive may lead to a general de-
cision to include the results of further basic research. While with the
anticipated new assumptions the relevant aspect ratio would remain
essentally the same, size and cost of a tokamak reactor could be strongly
reduced. Further restrictions deriving from expected experimental re-
sults such as on divertor layout and confinement prediction remain to
be included.
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Input parameter list
for evaluations

Reference case ("conventional input")

k=1.85

A=0.35

fpw = 0.85

tgs=1.25m

g =0.03 Tm MA-1

3<qy<$S

4x1020 T-1 m2 < C,; < 6x1020 T-1 m-2
onp = 0.5

ar=1.0

aj = 1.5

T10=1.7x10 keV

Yo = 0.5x1020 V-1 m-2
Bmax=16.5T

Bou=165T

frgop = 1.8 (ITER 89P-scaling)
osTFg = 800 MPa

os0H = 400 MPa

Reference case ("advanced input")
see above list for "conventional input", with the following modifications

g =0.04 Tm MA-1
fHgop = 2.6 (ITER 89P-scaling)

Reference case ("conventional input"), ITER 93HP-scaling

see above list for "conventional input", with the following modifications
fH93up = 0.655711 (equivalent to fygop = 1.8 for fpo = 1, Pr = 3000 MW)
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"CONVENTIONAL" INPUT

GTR = 0.0300
TBS = 1.2500
FARA = (0.000000
FHEOP= 1.8000
ALPHI= 0.8500
ALPHB= 0.2000
RHO = 0.0003
PTT = 50000.
JCTM = 90.0000
CI = 1.0000
INPUT-DEPENDENT
CSEF = 4.2304
CSIX = 181.0380
AL3 = 0.4000
AL7 = 0.3158
ALl1l = 1.3158

Reactor Parameter List

REACTOR PARAMETERS

PFU = 2200.0
PF = 3.4302
PW = 2.0891
TAUE = 1.5615
NE = 1.4509
NZ3 = 0.0099
FBRZ = 22.6105
VAU = 641.4
FTM = 0.1229
IITM = 85,7339
JTF = 11.0605
TTF = 1.1871
HOH = 11.9381
TAUOH= 32.8493
INPUT-DEPENDENT
CSEF = 4.,2304
CSIX = 174.9989
AL3 = 0.4000
AL7 = 0.3158
ALll = 1.3158

REACTOR PARAMETERS

PFU = 2200.0
PF = 3.1767
PW = 2.1746
TAUE = 1.5152
NE = 1.3977
NZ3 = 0.0100
FBRZ = 25.8015
VAU = 692.5
FTM = 0.1201
IITM = 85.7338
JTF = 10.8054
TTE <= 1.2152
HOH = 13.2895
TAUOH= 32.8493
INPUT-DEPENDENT
CSEF = 4.2304
CSIX = 170.4104
AL3 = 0.4000
AL7 = 0.3158
ALll = 1.3158

DATA
T10 = 1.7000 BM =
FPW = 0.8500 KK =
AN = 0.5000 AT .
CTAUE= 0.000660 CR =
ALPHR= 1.2000 ALPHA=
ALPHK= 0.5000 ALPHP=
WH = 0.0030 KHTM =
FTO = 50000. FTF =
JCOH = 55.1743 SIGSTG
223 = 6.0000 zz4 =
DATA
CFa = 1.2660 CPFBX=
FK = 2.5425 ALl =
AL4 = 0.9500 ALS =
AL8 = 0.578% ALY =
T E = 10.2512 A =
IBI = 0.5835 RR =
QGR =.2096E+02 TB =
Q0 = 3.2670 QPSI =
NDTE = 0.7302 NIE =
NzZ4 = 0.0010 NZ5 =0
PRAD = 0.0845 PSY =
VAUTM= 2681.3 WIM =
FOHM = 0.1987 CVMTF=
IIOH = 42.866%9 VMTF =
JOH = 10.9656 SIGST=
DOR = 1.1974 SIGT =
ROH = 4.3410 WOR =
FHO3HP 0.5616
DATA
CFA = 1.2660 CPFBX=
FK = 2.5425 ALl =
AL4 = 0.9500 ALS =
AL8 = 0.5789 AL9 =
IT = 12.8277 A =
IBI = 0.5199 RR =
QGR =.1765E+02 TB =
Q0 = 3.3382 QPSI =
NDTE = 0.7294 NIE =
NzZ4 = 0.0010 NZ5 =0
PRAD = 0.0793 PSY =
VAUTM= 2630.3 WTM =
FOHM = 0.2766 CVMTF=
IIOH = 42.8669 VMTF =
JOH = 15.2609 SIGST=
DOH = 0.8604 SIGT =
ROH = 2.8719 WOH =
FHY93HP 0.6457
DATA
CFa = 1.2660 CPFBX=
FK = 2.5425 ALl =
AL4 = 0.9500 ALS =
AL8 = 0.5789 ALY =

74

.0000935 BETA

.0001019 BETA

[

.5000 BOH

.8500 DEL

.0000 AI

. GAMO
.3000 ALPHN
.5000 NALP
.0000 KHOH
.5000 FTFC

800.00 SIGSP

8.0000 zz5

WS}
OO OO
[e)]
~J
1=
(o))

[ | | (| I

0.5329 CPFW
1.2500 AL2
0.0000 ALG6
1.4211 AL1O

5.8841 FAAR
8.4721 AK
112143, BK
3.6705 CNX
0.8412 ZEFF

0.0673 BETAP
185499. WPM
1.8896 CVMOH=
350513. VMOH =
350.39 SIGSTC
307.33 SIGP =
57383.5 TAUTM=

[ A | A I I |

0.5322 CPFW
1.2500 ALZ2
0.0000 AL®
1.4211 AL10

4.4743 FAAB
7.2410 AK
19195. BK
3.7900 CNX
0.8405 ZEFF

LI | 1 [

0.0433 BETAP
136160. WPM =
1.8896 CVMOH=
257283. VMCH =
458.61 SIGSTC
403.55 SIGP =
27242 .1 TAUTM=

0.5297 CPFW
1.2500 ALZ2
0.0000 ALS®
1.4211 AL10

16.5000
0.3500
1.5000

.5000E+00

nmn

o n

0.1000
0.0000
8.48528
6.5000
400.00
26.0000

86.3316
0.8500
0.8947
1.0526

.8173
.4398
.6637
.1905
.6139
.0198
.0982
1003.6
1.4203
81502.
449.¢61
320.50
12.3457

NOHFHBNEO

86.3316
0.8500
0.8947
1.0526

. 9945
.6183
.9939
<11 857
. 6221
+ 0255
.6302
1453851
1.4203
38692,
341.39
289.36
12.3457

HORBNRFO

86.3316
0.8500
0.8947
1.0526




REACTOR PARAMETERS

II
IBI
QGR
Q0
NDTE
NZ4
PRAD
VAUTM
FOHM
IIOH
JOH
DOH
ROH

L | T | | A T O

)
e o]
Yol
W
o]
e}

DATA
CFA
FK
AL4
ALS8

[ (A |

Ll
IBI
QGR
Q0
NDTE
NZ4
PRAD
VAUTM
FOHM
IIOH
JOH
DOH
ROH

L || | | Y [

"1
jos)
w
w
o]
av)

DATA
CFA
FK
AL4
ALSB

I1
IBT
QGR
Q0
NDTE
NZ4
PRAD
VAUTM
FOHM
IIOH
JOH
DOH
ROH

| (| | R 1 |

7]
s
o
w
ja o]
av]

DATA
CFa

PFU = 2200.0
PF = 2.5518
PwW = 2.0504
TAUE = 1.5979
NE = 1.2587
NzZ3 = 0.0103
FBRZ = 28.1642
VAU = 860.1
FTM = 0.1003
IITM = 85.7339
JTF = 9.0285
TTF = 1.4543
HOH = 15.5962
TAUOH= 32.8493
INPUT-DEPENDENT
CSEF = 4.2304
CSIX = 188.0638
AL3 = 0.4000
AL7 = 0.3158
ALll = 1.3158
REACTOR PARAMETERS
PFU = 3000.0
PF = 3.0243
PW = 2.1695
TAUE = 1.7926
NE = 1.3648
Nz3 = 0.0101
FBRZ = 22.0368
VAU = 8992.0
FIM = 0.1131
IITM = 85.7339
JTF = 10.1821
TTF = 1.2896
HOH = 13.9436
TAUOH= 32.8493
INPUT-DEPENDENT
CSEF = 4.2304
CSIX = 181.7108
AL3 = 0.4000
AL7 = 0.3158
ALll = 1.3158
REACTOR PARAMETERS
PFU = 3000.0
PF = 2.7882
PW = 2.2525
TAUE = 1.7417
NE = 1.3121
NZ3 = 0.0102
FBRZ = 25,2162
VAU = 1076.0
FTM = 0.1106
IITM = 85.7339
JTF = 9.9500
TTF = 1.3196
HOH = 15.5600
TAUOH= 32.8493
INPUT-DEPENDENT
CSEF = 4.2304
CSIX = 177.0410

[

FK

.1504E+02

.2810E+02

.2358E+02

16.2451 A
0.4546 RR

TR
QpsI
NIE
NZ5
PSY
WTM
CVMTF
VMTF
SIGST
SIGT
WOH

3.3193
0.7268
0.0010
0.0668
2899.5
0.4145
42.8669
22.8684
0.5742
1.6242
0.7281

(e]

| (| 1 A [ N

1.2660 CPFBX
2.5425 ALl
0.9500 ALS
0.5789 ALY

A (I

11.2833 A
0.6456 RR
TB
QPSI
NIE
NZ5
PSY
WTM
CVMTF
VMTF
SIGST
SIGT
WOH

3.7157
0.7289
0.0010
0.0762
3632.2
0.1792
42.8669
.8873
.3280
.9103
.5699

| | |

OB =W

1.2660 CPFBX=
2.5425 ALl
0.9500 ALS
0.5789 ALY

14,1360
0.5754

H X
w o

3.7999
0.7279
0.0010
0.0715
3607.0
0.2506
42.8669
13.8277
0.9496
3.2607
0.6557

QPSI
NIE
NZ5
PSY
WTM
CVMTF
VMTF
SIGST
SIGT
WOH

o

L | 1 [

1.2660 CPFBX=
2.5425 ALl =

i3

.0061297

.0001077

.0001179

.4605
5581

616.
3.8813
0.8382

FAAB
AK
BK
CNX
ZEFF
BETA
BETAP
WPM
CVMOH=
VMOH =
SIGSTC
SIGP =
TAUTM=

[ex VS

0.0240
103818,
1.889¢6
196172 ,
579.89
521.71
9634.9

LI [ | | A I |

.5317 CPFW
.2500 AL2
.0000 AL6
.4211 AL10

= OO

5.5694
9.4450
154470.
4.1788
0.8400 ZEFF

0.0610
254302,
1.8896 CVMOH=
480522.
343.35
304.51
86258.4

0.5308 CPFW
1.2500 AL2
0.0000 ALS6
1.4211 AL10

4,2291
8.0772
30076.
4.3329
0.8392

FAAB
AK
BK
CNX
ZEFF
BETA
BETAP
WPM
CVMOH=
VMOH =
SIGSTC
SIGP =
TAUTM=

0.0391
188462.
1.889¢
356141 .
452.77
402.71
41494.8

L I

0.5277 CPFwW
1.2500 ALZ2

O s W
-
w
N
w

12.3457

86.3316
.8500
.8947
.0526

= OO

. 8201
.6959
.1374
.9734
L6277
.0184
.2587
1314.0
1.4203
122513,
456.65
32832
12.3457

MNO D W O

86.3316
0.8500
0.8947
1.0526

.0018
.9099
.5334
.9080
.6377
.0237
1.7540
1484.5
1.4203
58935.
347.23
299.75
12.3457

O bW

86.3316
0.8500




AL3 = 0.4000 AL4 = 0.9500 ALS = 0.0000 AL6 =  0.8947
AL7 =  0.3158 AL8 = 0.5789 AL9 =  1.4211 AL10 = 1.0526
AL1l = 1.3158

REACTOR PARAMETERS

PFU = 3000.0 II = 17.9584 A = 3.2673 FAAB =  1.2872

PF = 2.2181 IBI = 0.5019 RR = 7.3396 AK =  2.2464

PW = 2.1077 QGR =.1944E+02 TB = 1899. BK =  4.1558

TAUE = 1.8488 Q0 =  3.7712 QPSI = 4.4581 CNX =  4.9638

NE = 1.1755 NDTE = 0.7247 NIE = 0.8364 ZEFF = 1.6714

NzZ3 = 0.0106 Nz4 = 0.0010 N25 =0.0001518 BETA =  0.0310

FBRZ = 27.2613 PRAD = 0.0601 PSY =  0.0213 BETAP=  1.3448

VAU = 1352.5 VAUTM=  4061.5 WIM = 145545. WPM =  1793.4

FTM = 0.0917 FOHM = 0.3793 CVMTF=  1.8896 CVMOH=  1.4203

IITM = 85.7339 IIOH = 42.8669 VMTF = 275018. VMOH =  21392.

JTF = 8.2564 JOH = 20.9263 SIGST=  577.20 SIGSTC  222.80

TTF = -1.5903-DOB--= - 0.6275 SIGT = 524.25 SIGP. =  248.29

HOH = 18.3423 ROH = 1.8565 WOH = 15061.5 TAUTM= 12.3457

TAUOB= 32.8493 FHI93HP 0.7390

INPUT-DEPENDENT DATA

CSEF = 4.2304 CFA = 1.2660 CPFBX= 0:5305 CPFW = 86,3316
CSIX = 193.4434 FK = 2.5425 ALl = 1.2500 AL2 =  0.8500
AL3 = 0.4000 AL4 = 0.9500 ALS = 0.0000 AL6 =  0.8947
AL7 = 0.3158 AL8 = 0.5789 AL9 =  1.4211 AL10 = 1.0526
AL1l1 = 1.3158

REACTOR PARAMETERS

PFU = 3800.0 II = 12.1115 A = 5.3546 FAAB =  0.8224

PF = 2.7139 IBI = 0.7001 RR = 10.3207 AK = 1.9275

PW = 2.2127 QGR =.3914E+02 TB = 217005. BK = 3.5658

TAUE = 2.0001 Q0 = 4.1093 QPSI = 4.6261 CNX =  5.6854

NE = 1.2951 NDTE = 0.7276 NIE = 0.8389 ZEFF = 1.6413

NZ3 = 0.0102 NZ4 = 0.0010 Nz5 =0.0001214 BETA = 0.0173

FBRZ = 21.4860 PRAD = 0.0700 pSY = 0.0563 BETAP= 2.4016

VAU = 1400.2 VAUTM= 4663.4 WTM = 329245. WPM = 1616.9

FTM = 0.1055 FOEM = 0.1647 CVMTF=  1.8896 CVMOH=  1.4203

IITM = 85.7339 IIOH = 42.8669 VMTF = 622130. VMOH = 169450.

JIE = 9.4993 JOH = 9.0860 SIGST= 338.31 SIGSTC 461.69

TTF = 1.3822 DOH =  1.4451 SIGT = 302.60 SIGP = 334.13

HOH = 15.7575 ROH =  5.4209 WOH = 119305.4 TAUTM= 12.3457

TAUOH= 32.8493 FH93HP  0.5755

INPUT-DEPENDENT DATA

CSEE = 4.2304 CFA = 1.2660 CPFBX=  0.5294 CPFW = 86.3316
CSIX = 186.8350 FK = 2.5425 ALl = 1.2500 AL2 = 0.8500
AL3 = 0.4000 AL4 = 0.9500 ALS = 0.0000 AL6 = 0.8947
AL7 = 0.3158 AL8 = 0.5789 ALY = 1.4211 AL10 = 1.0526
AL11 = 1.3158

REACTOR PARAMETERS

PFU = 3800.0 II = 15.1901 A = 4.0608 FAAB = 1.0078

PF = 2.4912 IBI = 0.6241 RR = 8.8314 AK = 2.1748

PW = 2.2917 QGR =.3031E+02 TB =  44395. BK = 4.0234

TAUE = 1.9456 Q0 = 4.2060 QPSI = 4.8140 CNX =  5.6303

NE = 1.2428 NDTE = 0.7264 NIE =  0.8379 2EFF = 1.6533

NzZ3 = 0.0103 NzZ4 = 0.0010 Nz5 =0.0001335 BETA = 0,0223

FBRZ = 24.5588 PRAD = 0.0655 PSY = 0.0359 BETAP=  1.8642

VAU = 1525.4 VAUTM= 4678.0 WIM = 245877. WPM = 1822.3

FTM = 0.1031 FOHM = 0.2312 CVMTF=  1.8896 CVMOH=  1.4203

IITM = 85.7339 IIOH = 42.8669 VMTF = 464602. VMOH = 82264,

JTF = 9.2807 JOH = 12.7570 SIGST=  448.74 SIGSTC  351.26

TTF = 1.4148 DOH = 1.0293 SIGT = 402.46 SIGP = 307.51

HOH = 17.6230 ROH = 3.6081 WOH = 57919.7 TAUTM= 12.3457

TAUOH= 32.8493 FHI3HP 0.6625

76




INPUT-DEPENDENT

CSEF = 4,
CSIX = 182.
BRL3 = 0.
AL7 = 0.
ALll = 1.

2304
1412
4000
31 58
3158

DATA
CFA
FK
AL4
ALS8

ot nn

REACTOR PARAMETERS

PEU = 3800.0
PF = 1.9619
PW = 2.1306
TAUE = 2.0771
NE = 1.1087
NZ3 = 0.0108
FBRZ = 26.4025
VAU = 1936.9
FTM = 0.0850
IIT™M = 85.7339
JTF = 7.6502
TTF = 1.7163
HOH = 20.8541
TAUOH= 32.84093

II
IBI
QGR
Q0
NDTE
NZ4
PRAD
VAUTM
FOHM
IIOH
JOH
DOH

L | T T

FHO93HP

1.2660 CPFBX=
2.5425 AL1
0.9500 aLS
0.578% ALY

o

19.3532 A
0.5431 RR
.2408E+02 TB
4.1664 QPSI
0.7226 NIE
0.0010 NZ5
0.0550 PSY
5358.8 WTM
0.3530 CVMTF
42.8669 VMTF
19.4772 SIGST
0.6741 SIGT
2.0600 WOH
0.7465

L I e

~1
~I

5257
.2500
.0000
.4211

H oo

31342
8.0468

3631.
4.9713
0.8346

.0001736

0.0193
191770.
1.8896
362363.
9floild
526.83
21335.4

CPFW
AL2
AL®

AL10

0

=

e
| [ [

nwmgo
Hkﬂzé
0o
" wmin O
=) o
O

TAUTM=

86.3316

~ O U d N

4

oo

.8500
.8947
.0526

.3025
.5674
. 7497
. 1278
.6933
.0292

4253

2204 .7

1.4203
30303.
224,23
258.79
12.3457




"ADVANCED" INPUT DATA

GTR = 0.0400 T10 = 1.7000 BM = 16.5000 BOH = 16.5000

TBS = 1.2500 FPW = 0.8500 KK = 1.8500 DEL = 0.3500

FAAA = 0.000000 AN = 0.5000 AT = 1.0000 AI = 1.5000

FH89P= 2.6000 CTAUE= 0.000660 CB = 0.6746 GAMO =.5000E+00

ALPHI= 0.8500 ALPHR= 1.2000 ALPHA= 0.3000 ALPHN= 0.1000

ALPHB= 0.2000 ALPHK= 0.5000 ALPHP= 0.5000 NALP = 0.0000

RHO = 0.0003 WH = 0.0030 KHTM = 25.0000 KHOH = 8.48528

FP'T = 50000. FTO = 50000. FTF = 0.5000 FTFC = 0.5000

JCTM = 90.0000 JCOH = 55.1743 SIGSTG 800.00 SIGSP= 400.00

CI = 1.0000 223 = 6.0000 zz4 = 8.0000 225 = 26.0000

INPUT-DEPENDENT DATA

CSEF = 4.2304 CFA = 1.2660 CPFBX= 0.9498 CPFW = 86.3316

CSIX = 188.5703 FK = 2.5425 ALl = 1.2500 AL2 =  0.8500

AL3 = 0.4000 AL4 = 0.9500 ALS = 0.0000 AL6 = 0.8947

RL7T = 03158 ALS = G ETR0 AEG == ~» 1. A1 1 -AL10. = - 10526 I ]

AL11 = 1.3158 | 1
B

REACTOR PARAMETERS : :

PFU = 1500.0 II = 7.6125 A = 5.5725 FAAB =  0.8887 [ §

PF = 4.0169 IBI = 0.8497 RR = 6.8223 AK =  1.2243 i

PW - 2.0802 QGR =.6131E+02 TB = 143731, BK - 2.2649 | 8

TAUE = 1.6601 Q0 =  3.6664 QPSI = 4.1234 CNX =  4.4114 | §

NE = 1.5671 NDTE = 0.7315 NIE = 0.8424 ZEFF = 1.5991 |

NZ3 = 0.0097 NzZ4 = 0.0010 Nz25 =0.0000783 BETA = 0.0249 | ]

FBRZ = 25.2146 PRAD = 0.0964 PSY =  0.0629 BETAP=  2.9733

VAU = 373.4 VAUTM= 1803.2 WTM = 107479. WPM = 432.2 '

FTM = 0.1358 FOHM = 0.2635 CVMTF= 1.8896 CVMOH= 1.4203 I

IITM = 85.7339 IIOH = 42.8669 VMTF = 203089. VMOH =  33892. |

JTF = 12.2219 JOH = 14.5407 SIGST=  410.44 SIGSTC  389.56 |

TTF = 1.0743 DOH = 0.9030 SIGT = 354.70 SIGP =  294.58

HOH = 10.2212 ROH = 3.0577 WOH = 23862.2 TAUTM= 12.3457

TAUOH= 32.8493 FH93HP 0.8618 ’

INPUT-DEPENDENT DATA

CSEF =  4.2304 CFA =  1.2660 CPFBX= 0.9489 CPFW = 86.3316 l

CSIX = 184.8566 FK = 2.5425 ALl = 1.2500 AL2 = 0.8500

AL3 = 0.4000 AL4 = 0.9500 AL5 = 0.0000 AL6 = 0.8947 |

AL7 = 0.3158 AL8 = 0.5789 ALY =  1.4211 AL10 = 1.0526 |

AL11 = 1.3158 I

REACTOR PARAMETERS .

PFU = 1500.0 II = 8.5326 A = 4.8439 FAAB = 0.9859

PF = 3.7621 IBI = 0.8056 RR = 6.3511 AK = 1.3112

PW = 2.0865 OGR =.4690E+02 TB = 47608. BK = 2.4256

TAUE = 1.6477 00 = 3.7283 QPSI = 4.2133 CNX =  4.3929

NE = 1.5177 NDTE = 0.7310 NIE = 0.8419 ZEFF = 1.6049

NzZ3 = 0.0098 NZ4 = 0.0010 NzZ5 =0.0000843 BETA = 0.0282 :

FBRZ = 26.7859 PRAD = 0.0912 PSY =  0.0492 BETAP=  2.6282 ;

VAU = 398.7 VAUTM= 1808.6 WIM =  92261. WPM = 464.7 |

FTM =  0.1320 FOHM = 0.3114 CVMTF=  1.8896 CVMOH=  1.4203 !

IITM = 85.7339 IIOH = 42.8669 VMTF = 174333. VMOH = 22844, !

JTF = 11.8760 JOH = 17.1800 SIGST=  467.10 SIGSTC  332.90 ]

TTF = 1.1056 DOH = 0.7643 SIGT = 405.47 SIGP = 275.45 '

HOH = 10.8978 ROH = 2.4529 WOH = 16084.0 TAUTM= 12.3457

TAUOH= 32.8493 FH93HP 0.9254

INPUT-DEPENDENT DATA

CSEF = 4.2304 CFA = 1.2660 CPFBX= 0.9450 CPFW = 86.3316

CSIX = 178.8112 FK = 2.5425 AL1 = 1.2500 AL2 = 0.8500

AL3 = 0.4000 AL4 = 0.9500 AL5 = 0.0000 AL6 = 0.8947

AL7T = 0.3158 AL8 = 0.5789 ALY = 1.4211 AL10 = 1.0526

AL11 = 1.3158
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REACTOR PARAMETERS

PFU = 1500.0 Iz

PF = 2.9956 IBI
PW = 1.9545 QGR
TAUE: = 1.7247 QQ

NE = 1,3585 NDTE
NZ3 = 0.0101 N2zZ4
FBRZ = 29.0611 PRAD
VAU = 500.7 VAUTM
FTM = 0.1104 FOHM
IITM = 85.7339 IIOH
JIF = 9.8400 JOH
TTF = 1.3210 DOH
HOH = 12.8426 ROH
TAUOH= 32.8493 FH93H
INPUT-DEPENDENT DATA
CSEF = 4.2304 CFA
CSIX = 192.5918 FK
AL3 = 0.4000 AL4
AL7 = 0.3158 ALS
ALl1ll = 1.3158
REACTOR PARAMETERS
PFU = 1:800::0- IT

PF = 3.7544 IBI
PW = 2.1395 QGR
TAUE = 1.7903 QQ

NE = 1.5162 NDTE
NZ3 = 0.0098 Nz4
FBRZ = 24.9256 PRAD
VAU = 479.4 VAUTM
FTM = 0.1302 FOHM
IITM = 85.7339 IIOH
JTF = 11.7214 JOH
TTF = 1.1202 DOH
HOH = 11.1807 ROH
TAUOH= 32.8493 FHO93H
INPUT-DEPENDENT DATA
CSEF = 4.2304 CFra
CSIX = 188.7843 FK
AL3 = 0.4000 AL4
AL? = 0.3158 ALS8
ALll = 1.:3158
REACTOR PARAMETERS
PEU == 1800.0 1II

PF = 3.5106 IBI
PW = 2.1439 QGR
TAUE = 1.7781 QQ

NE = 1.4673 NDTE
NzZ3 = 0.0099 NZzZ4
FBRZ = 26.4655 PRAD
VAU = 512.7 VAUTM
FTM &= 0.1266 FOHM
ITTM = 85.7339 IIOH
JTE ©i='.111, 3895 5J0H
TTF & = 1.1528 DOH
HOH = 11.9298 ROH
TAUOH= 32.8493 FH93H
INPUT-DEPENDENT DATA
CSEF = 4.2304 CFA
CSIX = 182.6434 FK

T

rd

L | | O 1

rd

| T (T I

lav]

non

10.7407 &

.3144E+02

42.8669
25.3700

.1038E+03

42.8669
13.7696

.6953E+02

42.8669
16.2896

0.7164 RR

TB
QPS T
NIE
NZ5
PSY
WTM
CVMTF
VMTF
SIGST
SIGT
WOH

3.7750
0.7287
0.0010
0.0757
1976.7
0.4598

0.5176
1.3774
1.0475

| | I A

1.2660 CPFBX
2.5425 ALl
0.9500 ALS
0.5789 AL9

8.0707 A
0.9021 RR

TB
QPSI
NIE
NZ5
PSY
WTM
CVMTF
VMTF
SIGST
SIGT
WOH

3.9656
0.7310
0.0010
0.0810
2123.0
0.2496

0.9536
3.2781
0.8721

([ T T

1.2660 CPFBX
2.5425 ALl
0.8500 ALS
0.5789 AL9

9.0485 A
0.8553 RR
TB
QPSI
NIE
NZ5
PSY
WTM
CVMTF
VMTF
SIGST
SIGT
WOH

4.0331
0.7304
0.0010
0.0861
2138.6
0.2952

0.8061
2,.6351
0.9365

0.0001088

0

0

1.2660 CPFBX=

2.5425 ALl

79

133047.

244700.

.0000845
127544,

241003.

30146.9

.0000911
109872.

207611.

20445.8

3.7362
5.7631

2154,
4.3627
0.8399

FAAB
AK
BK
CNX
ZEFF
BETA
BETAP
WPM
CVMOH=
VMOH =
SIGSTC
SIGP =
TAUTM=

0.0274
70411.
1.8896

L | 1 (O

584.55
519.99
5566.3

0.9488 CPFW
1.2500 aAL2
0.0000 AL6
1.4211 AL1Q

5.3689 FAAB
7.2333 AK
BK
CNX
ZEFF
BETA
BETAP
WPM
1.8896 CVMOH=

4.4640
0.8419

0.0596

A | | T

406.01
353.13
TAUTM=

0.9478 CPFW
1.2500 AL2
0.0000 AL6
1.4211 AL10

4.6660
6.7364
75334.
4.5668
0.8413

FAAB
AK
BK
CNX
ZEFF
BETA
BETAP
WPM
CVMOH=
VMOH =
SIGSTC
SIGP =
TAUTM=

0.0466

[ | | N

1.8896

463.08
404.48

0.9435 CPFW
1.2500 AL2

.2481
=425
.8536
L4211
.6288
.0361
.0525
559:,7
1.4203

7906.
215.45
216.07
12 :3457

R O s R b

86.3316
0.8500
0.8947
1.0526

.8911
.3472
.45624
.8795
. 6051
.0239
.0984
504.0
1.4203
42818,
393.99
300.17
12.3457

WO LN O

86.3316
0.8500
0.8947
1.0526

.9897
.4437
.6709
.8654
6115
.0270
.7386
541.4
1.4203
290389.
336:01
281.90
123459

NOHREBNHEO

86.3316
0.8500




AL4 =
AL8 =

11
IBI
QOGR
QQ
NDTE
NZ4
PRAD
VAUTM=
FOHM
IIOH
JOH
DOH
ROH
FH93HP

I

L[| R

DATA
Cra
FK
AL4
ALS

L I

II
IBI
QGR
Q0
NDTE
NZ4
PRAD
VAUTM
FOHM
IIOH
JOH
DOH
ROH

(A | T T 1 T A

tr
o sl
Y]
W
o]
o

DATA
CFA
FK
AL4
ALS8

L

IT
IBI
QGR
Q0
NDTE
NZ4
PRAD
VAUTM
FOHM
IIOH
JOH
DOH

LA | | 1 [ O

AL3 = 0.4000
AL7T = 0.3158
ALll = 1.3158
REACTOR PARAMETERS
PFU = 1800.0
PF = 2.7770
PW = 1.9996
TAUE = 1.8675
NE = 1.3096
NZ3 = 0.0102
FBRZ = 28.6351
VAU = 648.2
FTM = 0.1056
IITM = 85.7339
JTF = 9.5081
TTF = 1.3810
HOH = 14.0903
TAUOH= 32,8493
INPUT-DEPENDENT
CSEF = 4.,2304
CSIX = 194.9025
AL3 = 0.4000
AL7 = 0.3158
ALll = 1.3158
REACTOR PARAMETERS
PFU = 2000.0
PF = 3.5994
PW = 2.1697
TAUE = 1.8721
NE = 1.4853
NZ3 = 0.0098
FBRZ = 24.7307
VAU = 555.6
FTM = 0.1269
IITM = 85.7339
JITE—=---11.4254
TTF = 1.1492
HOH = 11.7879
TAUOH= 32.8493
INPUT-DEPENDENT
CSEF = 4.2304
CSIX = 191.0395
AL3 = 0.4000
AL7 = 0.3158
ALll = 1.3158
REACTOR PARAMETERS
PFU = 2000.0
PF = 3.3623
PW = 20727
TAUE = 1.8600
NE = 1.4368
NZ3 = 0.0099
FBRZ = 26.2506
VAU = 594.8
FTM = 0.1233
IITM = 85.7339
JTF = 11.1012
TTF = 1.1828
HOH = 12.5837
TAUOH= 32.8493

FH93HP

0.9500 ALS
0.5789 ALS

11.4048
0.7599
.4097E+02
4.0806
0.7279
0.0010
0.0713
2366.5
0.4377
42.8669
24.1516
0.5437
1.4912
1.0598

OOMNK

8.3433
0.9348
.1651E+03
4.1526
0.7306
0.0010
0.0879
2343.4
0.2415
42.8669
13.3254
0.9854
3.4167
0.8779

OO N

9.3558
0.8863
.9374E+02
4.2237
0.7300
0.0010
0.0831
2366.7
0.2859
42.8669
15.7763
0.8323
2.7494
0.9427

A

RR

TB
QPSI
NIE
NZ5
PSY
WTM
CVMTF
VMTF
SIGST
SIGT
WOH

A

RR
TB
QPSI
NIE
NZ5
PSY
WTM
CVMTF
VMTF
SIGST
SIGT
WOH

RR

TB
QPSI
NIE
NZ5
PSY
WTM
CVMTF
VMTF
SIGST
SIGT
WOH

80

L | (T O 1

.2660 CPFBX
.5425 ALl
.2500 ALS
.5789 ALS

L || | | | O A T T

.2660 CPFBX
.5425 ALl
.9500 ALS
.5789 ALS

L | | T 1 T

([l

0

0

LI I [

0

0.0000 AL®6
1.4211 AL10

3.5979 FAAR
£.1249 AK
4000. BK
4.7414 CNX

0.8382 ZEFF
.0001184 BETA
0.0257 BETAP
84556. WPM
1.8896 CVMOH=
158774. VMOE =
582.13 SIGSTC
520.63 SIGP =
7247.8 TAUTM=

L | | O [ T

0.9482 CPFW
1.2500 AL2
0.0000 ALe
1.4211 AL10

5.2576 FAAB
7.4925 AK
394872. BK
4.6775 CNX
0.8415 ZEFF
.0000886 BETA
0.0577 BETAP=
141404, WPM =
1.8896 CVMOH=
267193. VMOH =
403.48 SIGSTC
352.26 SIGP =
34622.8 TAUTM=

0.9471 CPFW
1.2500 AL2
0.0000 AaL6
1.4211 AL1O0

4.5686 FAAB
6.9794 AK
106117. BK
4.7887 CNX
0.8410 ZEFF
.0000956 BETA
0.0450 BETAP=
122065. WPM =
1.8896 CVMOH=
230649. VMOH =
460.82 SIGSTC
403.98 SIGP =
23560.4 TAUTM=

o

nnn

0.8947
1.0526

2517
.7024
.1484
+9152
.6383
.0346
.1366
651.8
1.4203
10294,
217.87
224.91
12.3457

RO O s L b

86.3316
0.8500
0.8947
1.0526

.8825
.4251
.6364
.176%
.6091
.0233
L1773
551.0
1.4203
49175,
396.52
303.39
12.3457

WOHULNDEHEO

86.3316
0.8500
0.8947
1.0526

.9920
sD2 0l
.8262
.1659
.6159
.0264
.8082
591.5
1.4203
33463.
339.18
285.63
12.3457

NORFRFUONHO




INPUT-DEPENDENT DATA

CSEF = 4.2304 Ccra = 1.2660 CPFBX= 0.9425 CPFW = 86.3316
CSIX = 184.8483 FK = 2.5425 ALl = 1.2500 AL2 = 0.8500
AL3 = 0.4000 AL4 = 0.9500 ALS = 0.0000 ALE6 = 0.8947
AL7 = 0.3158 AL8 = 0.5789 ALS = 1.4211 AL10 = 1.0526
ALl1l = 1.3158

REACTOR PARAMETERS

PFU = 2000.0 II = 11.8021 2 = 3.5221 FAAR = 1.2636

PF = 2.6489 IBI = 0.7870 RR = 6.3536 AK = 1.8038

PW = 2.0212 QGR =.4890E+02 TB = 5683. BK = 33

TAUE = 1.9577 QQ = 4.2713 QPSI = 4.9797 CNX = 5.2309

NE = 1.2801 NDTE = 0.7273 NIE = 0.8386 ZEFF = 1.644¢6

NZ3 = 0.0102 NZ4 = 0.0010 NzZ5 =0.0001248 BETA = 0.0338

FBRZ = 28.3529 PRAD = 0.0687 PSY = 0.0247 BETAP= 2.1893

VAU = 755.0 VAUTM= 2638.6 WTM = 94398. WPM = 11252

FTM = 0.1028 FOHM = 0.4251 CVMTF= 1.8896 CVMOH= 1.4203

IITM = 85.7339 IIOH = 42.8669 VMTF = 178372. VMOH = 12010.

JTF = 9.2502 JOH = 23.4525 SIGST= 580.86 SIGSTC 219.14

TTF 1.4195 DOH = 0.5599 SIGT 521.16 SIGP = 229.98

HOH 14.8837 ROH 5619 WOH

1. 8455.9 TAUTM= 12.3457
TAUOH= 32.8493 FHY93HP 1.0666

81



1.

1

0.

1.

"CONVENTIONAL" INPUT DATA
GTR = 0.0300 T10 = 1
TBS = 1.2500 FPW = 0
FARR = 0.000000 AN = 0
FH93HP 0.655711 CTAUE= 0.0
ALPHI= 1.0600 ALPHR= 1
ALPHB= 0.3000 ALPHK= 0
RHO = 0.0003 wWH = 0
FTIT - = 50000. FTO = 5
JCTM = 90.0000 JCOH = 55
CI = 1.0000 223 = 6
INPUT-DEPENDENT DATA

CSEF = 4.2304 CFA =
CSIX = 66.1955 FK -

AL3 = 0.1800 AL4 =

AL7 = 0.1461 AL8 =
ALll = 1.1461

REACTOR PARAMETERS

PFU = 2600.0 II = 11
PF = 2.5957 IBI = 0
PW = 1.9535 QGR =.289
TAUE = 1.9298 Q0 N 4
NE = 1.2676 NDTE = 0
NzZ3 = 0.0103 Nz4 = 0
FBRZ = 22.3365 PRAD = 0
VAU = 1001.7 VAUTM= 3
FTM = 0.1138 FOHM = 0
IITM = 85.7339 IIOH = 42
JTF = 10.2458 JOH = 11
TTF = 1.2815 DOH =

HOH = 14.5519 ROH = 4
TAUOH= 32.8493 FHB9P=
INPUT-DEPENDENT DATA

CSEF = 4.2304 CFA =
CSIX = 64.1335 FK o

AL3 = 0.1800 AL4 =

AL7 = 0.1461 AL8 =
ALll = 1.1461

REACTOR PARAMETERS

PEU: .= 2600.0 II = 13
PF = 2.9172 IBI = 0
PW = 2.1962 QGR =.209
TAUE = 1.6554 Q0 = 3
NE = 1.3411 NDTE = 0
NzZ3 = 0.0101 NZ4 = 0
FBRZ = 25.4046 PRAD = 0
VAU = 891.3 VAUTM= 3
ETM = 0.1146 FOHM = 0
IITM = 85.7339 IICOH = 42
JIF = 10.3150 JOH = 14
TTF = 1.2729 DOH =

HOH = 14.5465 ROH = 3
TAUQH= 32.8493 FH89P=
INPUT- DEPENDENT DATA

CSEFE . = 4,2304 CFa =
CSIX-= 62,5250 FK =

AL3 = 0.1800 ALY =

AL7 = 0.1461 AL8 =
ALll = 1.1461

(FHG93HP)
.7000 BM
.8500 KK
.5000 AT
00004 CB
.9000 ALPH
.6600 ALPHE
.0030 KHETM
0000. FTF
.1743 SIGS
.0000 ZZz4

U
mn

=]

ey o nnn

1.2660 CPFBX
2.5425 ALl
0.8900 ALS
0.7978 ALY

(LI

. 7416 A
.6513 RR
1E+02 TB
.0085 QPSI
.7270 NIE
.0010 Nz5
.0676 PSY
536.6 WTM
.2109 CVMTF
.8669 VMTF
.6373 SIGST
1283 SIGT
.0398 WOH
9505

1 (| 1 1 A T |

1.2660 CPFBX=
2.5425 ALl
0.8900 ALS
0.7978 AL9

|

.4927 A
.5542 RR
1E+02 TB
.6174 QPSI
.7284 NIE
.0010 NZ5
.0741 PSY
146.0 WTM
.2615 CVMTF
.8669 VMTF
.4293 SIGST
9100 SIGT
.0881 WOH
8128

T | | | Y [ 1
o

1.2660 CPFBX
2.5425 ALl
0.8900 ALS
0.7978 AL9

82

16.5000
1.8500
1.0000
0.6746

-0.1100
0.6700

25.0000
0.5000
800.00
8.0000

0.5299 CPFW
1.0200 AL2
0.0100 AL6
2.2360 AL1O

4.8698
8.6645
79681.
4.5288
0.8384

.0001276

0.048¢6
216743.
1.8896
409551,
394.28
349.40
60347.6

0.5313 CPFW
1.0200 AL2
0.0100 AL6
2.2360 AL1O

4.3291
7.7049
25050.
4.1169
0.8397

.0001121

0.0408
163767.
1.8896
309448.
455.16
402.99
34663.1

0.5320 CPFW
1.0200 ALZ2
0.0100 ALG6
2.2360 AL1O

BOH
DEL
AI
GAMO
ALPHN
NALP
KHOH
FTEC
SIGSP
225

[ | | B |

FAAB
AK
BK
CNX
ZEFF
BETA
BETAP
WPM
CVMOH=
VMOH =
SIGSTC
SIGP =
TAUTM=

[ I | [ | A

mnmwon

FAAB
AK
BK
CNX
ZEFF
BETA
BETAP
WPM
CVMOH=
VMOH =
SIGSTC
SIGP =
TAUTM=

[ T T 1

wnn

16.5000
0.3500
1.5000

.5000E+00

0.1700
0.0000
8.48528
0.5000
400.00
26.0000

86.3316
0.8400
0.9438
1.1236

.8985
.7793
.2916
.9086
.6474
.0195
.1306
1204.6
1.4203
85712
405.72
315.63
12.3457

NOKFS WH O

86.3316
0.8400
0.9438
1.1236

. 9986
.7798
.2926
#5552
.6320
.0244
.7093
1330.7
1.4203
49232,
344,84
295.39
12.3457

H OB WHO

86.3316
0.8400
0.9438
11236

M3 MY AR S0 e O 3 D S NTA
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REACTOR PARAMETERS

PFU = 2600.0 II =
PF = 3.1276 IBI =
PW = 2.3845 QGR =
TAUE = 1.4810 QQ =
NE = 1.3872 NDTE =
NZ3 = 0.0100 NZ4 =
FBRZ = 28.0539 PRAD =
VAU = 831.3 VAUTM=
FTM = 0.1109 FOHM =
IITM = 85.7339 IIOH =
JTF = 9.9821 JORH =
TTF = 1.3154 DOE =
HOH = 14.7600 ROH =
TAUOH= 32.8493 FH89P=
INPUT-DEPENDENT DATA
CSEF = 4.2304 CFA =
CSIX = 66.8304 FK =
AL3 = 0.1800 AL4 =
ALT = 0.1461 AL8 =
AL1ll = 1.1461
REACTOR PARAMETERS

PFU = 3000.0 1T =
PF = 2.4735 IBI =
PW = 1.9992 QGR =
TAUE = 2.0339 Q0 =
NE = 1.2385 NDTE =
NZ3 = 0.0104 NZ4 =
FBRZ = 22,1299 PRAD =
VAU = 1212.9 VAUTM=
FTM = 0.1096 FOHM =
IITM = 85.7339 IIOH =
JTF = 9.8673 JOH =
TTE : = 1.3307 DOH =
HOH = 15.5781 ROH =
TAUOH= 32.8493 FH89P=
INPUT-DEPENDENT DATA
CSEF = 4.2304 CFA =
CSIX = 64.7407 FK =
AL3 = 0.1800 AL4 =
AL7 = 0.1461 AL8 =
ALll = 1.1461
REACTOR PARAMETERS

PFU . .= 3000.0 II =
PF N 2.7882 IBI =
PW = 2.2525 QGR =
TAUE = 1.7417 QQ =
NE = 1.3121 NDTE =
NZ3 = 0.0102 NZ4 =
FBRZ = 25.2162 PRAD =
VAU = 1076.0 VAUTM=
FTM' .= 0.1106 FOHM =
IITM = 85,7339 IIOH =
JIF = 9.8500 Jon =
TTE- .= 1.3196 DOH =
HOH = 15.5600 ROH =
TAUOH= 32.8493 FH89P=
INPUT- DEPENDENT DATA
CSEF - = 4.2304 Cra =
CSIX = 63.1201 FK =

15,
0.
.165
3

0.

0.

0.

2

0.
42,
17.

0.

2

i i

1Z.

0.
+.335
4.
0.
0.
0.

4

0.
42.

11

ds
4.

1

14

0.
«235
3.
0.
0.
0:

3

0.

2
3
0.
3
1

4191 2
4752 RR
3E+Q02 TB
2733 QPSI
7292 NIE
0010 NZS
0783 PSY
907.0 WTM
3242 CVMTF
8669 VMTF
8863 SIGST
7341 SIGT
3214 WOH
7025

0

L | | | R I

1.2660 CPFBX
2.5425 RL1
0.8900 ALS
0.7978 ALY

(L I

2895 A
6773 RR
7E+02 TB
2160 QPSI
7263 NIE
0010 NZ5
0652 PSY
064.7 WTM
2015 CVMTF
8669 VMTF
.1202 SIGST
1808 SIGT
2685 WOH
.9378

| | | | 1

1.2660 CPFBX=
2.5425 ALl
0.8900 ALS
0.7978 AL9

[

.1360
5754
8E+02
7999
7279
0010
0715
607.0
2506
.8669
.8277
9496
L2607
.8000

RR

TB
QPSI
NIE
NZ5
PSY
WTM
CVMTF
VMTF
SIGST
SIGT
WOH

L | [ 1 A

1.2660 CPFBX=
2.5425 ALl =

83

3.8877
7.0073

7328.
3.7641
0.8403

.0001037

0.0332
127230.
1.889¢
240410.
515.82
458,61
19410.4

FAAB
AK
BK
CNX
ZEFF
BETA
BETAP
WPM
CVMOH=
VMOH
SIGSTC
SIGP
TAUTM=

| (A T

0293
.0200
.0100
.2360

CPFW
AL2
RL6
AL10

NOHHO

4.7610
9.0971
96805.
4.7686
0.8378

.000134¢6

0.0466
250200.
1.8896
4727170.
391.59
348.66
72335.4

0.5308 CPFW
1.0200 AL2
0.0100 AL6
2.2360 AL10

4.2291
8.0772
30076.
4.3329
0.8392

.0001179

0.0391
188462.
1.889¢6
356111.
452.77
402.71
41494.8

FAAB
AK
BK
CNX
ZEFF
BETA
BETAP
WPM
CVMOH=
VMOH =
SIGSTC
SIGP
TAUTM=

[ T I

0.5316 CPFW
1.0200 AL2

o

« 1155
.8024
.3345
L2726
.6238
.0300
.3889
1444 .2
1.4203
27569,
284 .18
270.33
12.3457

[ o R S S

: 3316
.8400
.9438
.1236

k= N e Ne)

.9005
. 9107
.5349
.2905
. 6543
.0190
.1908
1366.0
1.4203
102738.
408.41
319.38
12.3457

I\)OI—‘U"L»JI—-‘C)

86.3316
0.8400
0.9438
1.1236

.0018
.9099
.5334
.9080
.6377
.0237
. 7540
1484 5
1.4203
58935.
347.23
299.75
12.3457

POH®WwRE

86.3316
0.8400




RL4
EL8

QGR
Q0
NDTE
NZ4
PRAD
VAUTM
FOHM
IIOH
JOH
DOH
ROH
FHB9P

DATA
CFA
FK
AL4
ALS

AL3 = 0.1800
AL7 = 0.1461
ALll = 1.1461
REACTOR PARAMETERS
PFU = 3000.0
PE = 2-.9950
PW = 2.4494
TAUE = 15541
NE o 1..3583
NZ3 = 0.0101
FBRZ = 27.8779
VAU = 1001.7
FTM = 0.1071
IITM = 85,7339
JTF = 9.6376
TTF = 1.3624
HOH = 15.7800
TAUOH= 32.8493
INPUT- DEPENDENT
CSEF = 4.2304
CSIX = 67.3884
AL3 = 0.1800
AL7 = 0.1461
ALll = 1.1461

REACTOR PARAMETERS

L | I o

T [ | [ (|

[T T

PFU =  3400.0 II =
PF = 2.3628 IBI =
PW- = - 2.0347 QGR- =
TAUE = 2.1332 Q0 =
NE = 1.2116 NDTE =
NZ3 = 0.0104 N24 =
FBRZ = 21.9152 PRAD =
VAU =  1439.0 VAUTM=
FTM = 0.1059 FOHM =
IITM = 85.7339 IIOH =
JIF = 9.5327 JOH =
TTF = 1.3774 DOH =
HOH = 16.5543 ROH =
TAUOH= 32.8493 FHB9P=
INPUT- DEPENDENT DATA
CSEF = 4.2304 CFA =
CSIX = 65.2716 FK =
AL3 = 0.1800 ALY =
AL7 = 0.1461 AL8 =
AL1l1 = 1.1461
REACTOR PARAMETERS

PFU =  3400.0 II =
PF = 2.6701 IBI =
PW = 2.2970 QGR =
TAUE = 1.8237 Q0 =
NE = 1.2850 NDTE =
Nz3 = 0.0102 N24 =
FBRZ = 25.0155 PRAD =
VAU = 1273.4 VAUTM=
FTM = 0.1069 FOHM =
IITM = 85.7339 IIOH =
JTF =  9.6254 JOH =
TTF = 1.3641 DOH =
HOH = 16.5247 ROH =
TAUOH= 32.8493 FH89P=

16

0
.183
3

0

0

0

3

0.

42
17

0.
2.

i}

12
0
.387
4
0
0
0
4
0
42
10

1.

4
1

14

0
.263
3

0

0

0

4

0.

42
13

0.
3.
1.

0.8900 ALS
0.7978 ALS

.1709
.4926
4E+02
.4338
. 1287
.0010
.0756
328.9
3116
.8669
.1898
7638
4510
.6899

[ | | (R

g

=

i
1| A (|

1.2660 CPFBX
2.5425 ALl
0.8900 ALS
0.7978 ALS

| LI

.7821 A
.7019 RR
3E+02 TB
.4110 QPSI
. 7257 NIE
.0010 NZ5
.0630 PSY
613.1 WTM
.1934 CVMTF
.8669 VMTF
.6713 SIGST
2304 SIGT
.4850 WOH
.9274

o

[ T T | 1 [

1.2660 CPFBX=
2.5425 ALl
0.8900 ALS
0.7978 ALY

.7153- A
.5954 RR
6E+02 TB
.9717 QPSI
.7274 NIE
.0010 NZ5
.0691 PSY
085.0 WTM
2411 CVMTF
.8668 VMTF
.3037 SIGST
9870 SIGT
4237 WOH
7894

84

o

[ | T 1 1 A |

.0001088
146080.

276028.

23251.9

116849.

.0001416
284988.
538505.

85076.1

.0001237
214083.

404524.

48740.5

0.0100 ALG6
2.2360 AL1O

3.7954
7.3380

8906.
3.9602
0.8399

0.0318 BETAP=
1.8896

513.88
458.85

SIGSTC
SIGP =
TAUTM=

0.5286 CPFW
1.0200 AL2
0.0100 AL®6
2.2360 AL1O

4.6701
9.5075

FAAB
AK
BK
CNX
ZEFF
BETA
BETAP
WPM
CVMOH=
VMOH =
SIGSTC
SIGP =
TAUTM=

4.9945
0.8373

0.04489

1.8896

389.28
348.05

0.5303 CPFW
1.0200 ALZ
0.0100 AL6
2.2360 AL1O

4.1452
8.4305
35682,
4.5368
0.8387

FAAB
AK
BK
CNX
ZEFF
BETA
BETAP
WPM
CVMOH=
VMOH =
SIGSTC
SIGP =
TAUTM=

0.0376

[ T | |

1.8896

450.76
402.56

mn

o

o w

0.9438
1.:1236

.1203
. 9334
.5768
.6035
.6289
.0293
L4225
1634.4
1.4203
33025.
286.12
275.38
123457

O s L)

86.3316
0.8400
0.9438
1.1236

.9024
.0358
.7663
.6548
.6613
.0185
.2484
1525.5
1.4203
120834.
410.72
322.64
12.3457

NOHFHOWNO

86.3316
0.8400
0.9438
1.1236

.0047
.0338
<1625
.2448
.6435
J0232
L7969
1656.1
1.4203
69226.
349.24
303.55
12.3457

HORWOMWN

IR EIR—————




DEPENDENT DATA

INPUT-

CSEF = 4.2304 CFA
CSIX = 63.6391 FK
AL3 = 0.1800 AL4
AL7 = 0.1461 ALS
ALl1l = 1.1461
REACTOR PARAMETERS
PFU = 3400.0 II
PF o 2.8727 IBI
PW = 2.5009 QGR
TAUE = 1.6293 QQ
NE = 1.3312 NDTE
Nz3 = 0.0101 Nz4
FBRZ = 27.6874 PRAD
VAU = 1183.5 VAUTM
FTM = 0.1037 FOHM
IIT™™M = 85.7339 IIOH
JTF = 9.3296 JOH
TTE = 1.4074 DOH
HOH = 16.7513 ROH
TAUOH= 32.8493 FHB89P

nnn

[

|

.5425
.8900
.7978

OO N

16.8482
0.5089
.2017E+02
3.5849
0.7283
0.0010
0.0732
3766.1
0.3005
42 .8669
16.5823
0.7918
2.5730
1.6795
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ALl
ALS5
ALS

RR

TB
QPSI
NIE
NZ5
PSY
WTM
CVMTF
VMTF
SIGST
SIGT
WOH

.2660 CPFBX

O L T (e

0.5311
1.0200
0.0100
2.2360

3.7179
#6917
10634.
4.1457
0.8395

.0001140

0.0306
165597.;
1.8896
312906.
512.30
459.20
27318.0

TS —-‘-‘

CPFW
AL2
ALGE
AL10

FAAB
AK
BK
CNX
ZEFF
BETA
BETAP
WPM
CVMOH=
VMOH =
SIGSTC
SIGP =
TAUTM=

L | 1 T R A

LI | (|

86.3316
0.8400
0.9438
1.1236

.1247
.0581
.8075
+91.97
.6339
.0286
.4547
1822.1
1.4203
38800.
287.70
279.78
12,3457

= O W R
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Abbreviations

in equations

in Mathematica®

program files
(capital letters
in parameter list)

ak

4
alpha
alphb
ai
alphi
alphk
alphn
an
alphp
alphr
at

bk
beta
betap
bb
bm
cb
cfa
faaa
cphi
cnx
cpfbx
cpfw
csef
CSix

ctaue

ctp

cvmtf
cvmoh
doh

del

faab

fk

fh89p e.g.

explanation

plasma horizontal minor radius
plasma aspect ratio

exponent of a in confinement scaling
exponent of B in confinement scaling
profile exponent: current density
exponent of I in confinement scaling
exponent of K in confinement scaling
exponent of ne in confinement scaling
profile exponent: plasma density
exponent of P in confinement scaling
exponent of R in confinement scaling
profile exponent: plasma temperature
plasma vertical minor radius

plasma press./ toroidal field pressure
plasma press./ poloidal field pressure
toroidal field at horiz. plasma center
max. toroidal field at TF coil midplane
coefficient in bootstrap current equat.
fast alpha pressure B enhancement
rel. deviation from g-depend. opt. A
coefficient for OH flux calculation
coefficient in Petrie density limit
coefficient in fusion power equation
coefficient in neutron wall load equat.
fusion reaction parameter

coefficient in aspect ratio iteration eq.
orig. coeff. conf. scalg. (incl. isot. scalg.)
coeff. of confin. scalg. (incl. isot. scalg.)
ratio: He particle to energy conf. time
TF max. safety disch. voltage/energy
OH max. safety disch. voltage/energy
OH coil thickness

plasma triangularity

total rel. deviat. from opt. aspect ratio
elongation function in g-equation
confinement enhancement factor
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npT1/Ne
nj/Ne
Ng/Ne
pf
Prad
Psy

Pw

ftm
fohm
foh
fpw
fala
fla

1 - ibi
fbr, fbrz, fbrzc
1l

f2

f3
fi1
122
ftf
ftfc
fto
ftt
gtr
gamo
hoh
jcoh
jctm
joh
jtf

ii

ibi
iioh
iitm
kk
kh
lagr

ne

nz3
nz4
nz5
ndte
nie
nalp
pf
prad
psy
pPW

TF coil conductor area/coil cross-sect.
OH coil conductor area/coil cross-sect.
coeff. for plasma ring voltage calc.
plasma minor radius/wall min. radius
function for plasma ring voltage calc.
function for plasma ring inductance
1-1Ig/1

fusion power.density/rad. power dens.
geometry factor (tgs > 0)

geometry factor (tgs > 0)

geometry factor (tgs > 0)

geometry factor (tgs = 0)

geometry factor (tgs = 0)

reduction factor

reduction factor

funct. (OH solen. safety disch. warmup)
funct. (TF solen. safety disch. warmup)
total Troyon coefficient (incl. fast as)
current drive efficiericy w/o bootstr. c.
height of central OH solenoid

OH winding current density

TF winding current density

average OH coil current density
average TF coil current density
toroidal plasma current

relative toroidal bootstrap current
OH solenoid conductor current

series conn. TF coil conductor current
plasma elongation

geometry coefficient

fict. length replacing tgs for tgs = 0
volume average fuel density

volume average electron density
volume average ion density

average carbon impurity density
average oxygen impurity density
average iron impurity density
relative fuel density (dilution factor)
relative ion density

relative alpha density

fusion power density

line and bremsstr. radiation density
synchrotron rad. density (fictitious)
average neutron wall load



COH
OTF
GsOH
GsTrg
GsTF
GsTFc
B
BS

tte/R

pfu

qq
qpsi

qgr
IT

roh
rw
rho
sigp
sigt
sigsp
sigstg
sigst
sigstc
tb
tbs
tef

ttfr
t10

taue
tauoh
tautm
wh
vau
vautm
vmoh

vmtm

woh
wpm
wim

5

zz4

zZZ5

zeff, zeffz

total loss power from plasma

external heating power

fusion power

line and bremsstr. radiat. loss power
synchrotron radiation loss power
current-q

boundary-q

fusion power/steady st. heating power
major plasma radius

outer OH coil radius

eff. wall reflection coeff. (synchr. rad.)
spec. stabilizer resistance at low temp.
average tensile stress in OH coil
average tens. stress in TF coil inner leg
average tensile stress in OH coil casing
given sum of osTF and osTFc

av. tens. stress in TF coil inner leg case
av. compr. str. in TF coil inner leg case
inductive burn time

blanket/shield (+TF cyostat) thickness
inner leg toroidal field coil thickness
ratio TF coil thickness to plasma radius
dens. weight. av. plasma temp. 10 keV
OH solenoid safety discharge warmup
TF solenoid safety discharge warmup
energy confinement time

OH solen. safety discharge time const.
TF magnet safety discharge time const.
heat transfer coefficient

plasma volume

toroidal magnet volume

max. OH safety discharge voltage

max. TF safety discharge voltage

thermal plasma energy
OH solenoid energy
poloidal field energy
toroidal field energy
carbon charge number
oxygen charge number
iron charge number
effective charge number
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Units applied (see Abbreviations)
in equations in Mathematica®  unit
program files
(capital letters
in parameter list)
a ak m
A a 1
a alpha I
OR alphb 1
o ai 1
o] alphi 1
ok alphk 1
On alphn 1
aN an 1
ap alphp i
R alphr 1
oT at 1
b bk m
B beta 1
Bpol betap 1
B bb T
Bmax bm T
Cg cb 1
Cta cfa 1
Cta faaa 1
Co cphi 1
Cn cnx 1020 T-1 m-2
CpfB cpfbx MW m-3 T+
Cpfw cpfw 1
CoEf csef see equation p. 28 |
Csl” csix see equation p. 6 i
Cs see equation p.6 |
CE ctaue see equation p.6 |
Crp ctp 1
CVMTE cvmtf VvV MJ-1
CvMOH cvmoh V MJ-1
don doh m
A del 1
fa faab 1
f(K) fk 1
fy fh89p e.g 1
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fTn ftm
fors . fohm
Fon foh
fp\\' fp\\'
f(a; A) fala
FL(A) fla
Fp 1 =ibi
Fgr fbr, fbrz, fbrzc
fi |

g 2

f3 f3
f11 f11
f20 fi22
GhE BEl
Irre ftfe
f(Ton) fto
f(TTa) ftt

8 gur
Yo gamo
Hoi hoh
JcOH jcoh
JeTM jctm
JOH joh
JTF jef

I ii
Ig/1 ibi
Ion iioh
ITMn 1iitm
e kk
Kh kh
La lagr
npr

Ne ne
1

nc nz3
no nz4
NFe nz>
npT/Ne ndte
nj/ne nie
Ng/Ne nalp
Df pf
Prad prad
Psy psy
Dw pw

I

see equation p. 18
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MW m-3
MW m-3
MW m-2
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OOH

GsOH
OsTFg
OsTF
GsTFc
(B
(BS

ITF
tTe/R

T10

Tox
T™
TE

™
Wh

V1™
E VmaxOH

2 Voo TH

Wth
Won

WM
2 =5
z =8
Z=26
Leff

MW
MW
pfu MW
MW
MW
qq 1
gpsi il
qgr 1
IT m
roh m
r'w 1
rho V m MA-1
sigp MPa
sigt MPa
sigsp MPa
sigstg MPa
sigst MPa
sigstc MPa
tb S
tbs m
tef m
tefr 1
t10 10 keV
K
K
taue S
tauoh S
tautm S
wh MW m-2
vau m3
vautm m3
vmoh V
vmtm \Y
M]
woh M]
wpm M]J
wtm M]
ZZ3 1
zz4 1
ZZ5 1§
zeff, zeffz 1
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