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Abstract

On the basis of a simplified non-optimizing rescaling method the INTOR-like
next-step tokamak reactor designs, NET-DN, FER, TIBER II and OTR (as of
March 1987), are analysed and compared with each other and with INTOR, as
of Phase Two A Part 2, on a common basis in order to understand their
characteristic differences deriving from the respective input assumptions.
Always on the basis of a certain confinement scaling, this is done with
different approaches. It is generally seen that the physics input
assumptions and their respective combination play a major role, with the
maximum toroidal field and the central solenoid radius also being
influential. Depending on the set of physics/engineering input assumptions
in combination with the set of design parameters required, a certain domain
in multiparameter space becomes accessible from which a choice could be
made (e.g. to optimize cost for a certain fusion power). The results
referring to typical INTOR assumptions and requirements were also
contributed to the INTOR Phase Two A Part 3 workshop. An outlook is added
on what a next-step parameter set could look 1like on the basis of modified
physics input assumptions as adopted towards the end of the INTOR studies

and no longer ftaken into account by them.
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1. Introduction

In parallel with evaluations based on elaborate, detailed codes that
incorporate optimization routines, a number of studies have been conducted
on the basis of simplified systems of equationsrepresenting present
understanding of tokamak design physics and engineering dependences. These
studies are based on existing INTOR and national designs as characterized
in Section 2. Also described is an INTOR-like case "S" as used for

sensitivity analysis.

The simplified non-optimizing rescaling approach treats only the most
essential input and design parameters and is briefly described in Section
3. Its ability to represent the designs characterized in Section 2 is
demonstrated in Section 4. This inspires confidence that design variations

about these design points can be carried out with good approximation.

Section 5 describes a number of studies aimed at showing the impact of
individual and multiple input parameter changes without optimizing
adjustment of other parameters and gives the observations made in these
systems analysis studies. Consideration is also given to an overall

comparison of INTOR-like design points and to the outlook for alternatives.

Section 6 gives the direct capital cost comparison.
Section 7 gives the summary and conclusions.
This report is an augmented version of contributions made to the INTOR

workshop in Phase IIA Part 3.

2. Major features and parameters
Table 2.1 summarizes some characteristic features and parameters of INTOR,
as of Phase IIA Part 2, and of the four national designs as well as of ome

INTOR-1ike design, "S", that was used for sensitivity studies.

3. Description of systems analysis process
The simplified non-optimizing rescaling approach uses relative quantities

throughout, with INTOR as of Phase IIA Part 1 as the reference case. The
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plasma is described by average quantities and the usual relations for total
and fuel beta, safety factor (current-q), Murakami'density limit, and
ignition margin during burn with different possible confinement scaling
laws. The latter are expressed in power product form. The plasma power
balaﬁce does not include radiation. Profile effects éan be taken into
account. The engineering components are included to the extent essential
for determining the major plasma radius. Hence, the central solenoid
radius, the toroidal field magnet and the inner blanket/shield thickness
are represented by characteristic geometry factors and simplified scaling
functions that ensure consistent variation of the magnet dimensions while
keeping the average stresses and current densities - which are checked
afterwards - approximately constant. On the basis of a certain maximum
toroidal field consistently scaled design points are found by iteration
using the respective input data. Since no optimization and no constraints
are involved and since some intbinsic decoupling between the physics and
the engineering parts of the parameters exists, the method can be used to
study the impact of individual or combined input parameter changes over a
relatively wide range. From that range those cases may be selected that
correspond to certain constraints. Since the computing procedure is very
short, a large number of cases may be run for selection according to
various rules. Coupled to the short computer program applying the
simplified rescaling method is an equally simple costing program, which was
previously used to generate the EC INTOR cost figures in Phase IIA Part 1.

For a more detailed description see /1/ and Annex I.

4, Representation of INTOR-like designs

The rescaling method was used to recalculate INTOR IIA-2 /2/ and the four
national designs, NET-DN, FER, TIBER II, and OTR /3/, on the basis of the
input data listed in Table U4-1. For comparison, the data for the design
point "S" (used later on for sensitivity studies) are also shown, as also
are the physies guidelines for INTOR (as of December 1986). The latter
indicate that, in comparison with INTOR as of Phase IIA Part 2, some of the
recommended input parameters have since changed. The INTOR-like design

point "S" attempts to comply with more recent guidelines.




Table 4-1

Input assumptions for mutual comparison of 5 next-step designs and "S"

Physics
g/9

a/q

k/kO

o

o

QO 0O 0O
) H

= 0
T
[

0

iAX

Engineering

B /B

max maxo

* see EURFUBRU/XII-52/86/EDV24 Brussels/Vienna December 1986

INTOR
ITA-2

0.700
0.848
1.000
1.000
1.143
1.000
0.847
2.768
1.143
1.394
1.000
15115

0.403

0.241
0.264
0.062
0991

NET-DN FER

0.606 0.606
11. 020 0.874
1.281 1.063
0.923 1.249
1.024 1.110
1.000 O:91h5
0.910 0.832
2.904 2.354
1.200 0.972
13533 10613
1.000 1.200
1.000 0.674
0337 C.304
0.255 0.236
0.258 0.262
0.036 0.079
0.997 0909

TIBER
II

0.479
1:0Q37
1.500
1.328
0.888
1.023
0.877
2.142
0.885
0.976
1.940
0:327

0272

0187
0.251
0.039
1.019

OTR

0.603
1.014
0.938
0.859
1.154
0.923
0.917
2.395
0.989
1.187
0.800
1.040

0.476
0.269
0.272
0.090
0.983

HSll

0.550
1.000
1.300
0.897
] .c130
93923
0.900
3.234
.336
.627
.000
987

o = = -

0.380
0.240
0.250
0.060
0.950

*Guidelines

Dec. 1986
0.606
1.000
1 -1
0.897
1.130
0.923

ey

- .2
0.855



For all five designs that were recalculated, the ignition margin based on
ASDEX H-mode scaling was evaluated as part of the physics input parameters.
(Alternatively, each individual parameter set could have been treated withr
the ignition margin based on its respective assumed confinement scaling.)
The differences observed in the input assumptions reveal differences in the
degree of extrapolation from existing physies results, differences in the
operating mode (see FER and TIBER II) as well as differences in the
predicted advancement of engineering (see TIBER II). The maximum toroidal
field (taken here at the innermost toroidal field coil circumference) is
naturally a powerful tool for optimizing for a given figure of merit (e.g.

minimum cost) or adjusting to certain desired operating parameters.

Table U4-2 lists the results (first column) of the recalculation together
with the original data. It is seen that the limited set of essential design
parameters covered in this study is represented quite well with some minor
adjustments in Cg, Cp, g/gp and m as indicated. All other input parameters
have been taken as originally given. Appendix V gives a complete list of

the values calculated.

The fact that the five designs can be rather well represented lends

confidence for further application of the method in sensitivity analysis.

5. Sensitivity analysis

Four different studies on the sensitivity of INTOR-like designs to input
parameter changes are carried out. The impact of individual input parameter
changes is expressed in the form of relative sensitivities, whereas global
sensitivities to multiple input parameter changes are shown in three
different ways: the first method is global substitution analysis, where the
entire physics and the entire engineering input parameter sets are
exchanged between several existing designs; the second uses a stepwise
transition between two designs, in which first the individual physics

input parameters are consecutively changed and then the individual
engineering parameters; the third method consists in varying several input
parameters in such a way that certain constraints on the resulting design

parameters remain fulfilled. In this way a typical design parameter range
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can be identified which is based on a range of input parameter variations
together with a certain range of constraints. Observations made in these

studies are described.

5.1 Design guidelines

The sensitivity studies described below were carried out using the method
described in Section 3. No optimization is involved.

Essential values that may encounter a limit are checked, such as éverage
tensile stress, average current density in the TF coils and poloidal flux
capability. Different confinement scalings are considered in order to
identify their impact as well. For evaluation of single sensitivities the
INTOR-1like design point "S" ié used (see Tables U4-1 and 5.3.1-1) with all
its input parameters fixed except the one changed. Design point "S" is also
used to study the global sensitivity to combined input parameter changes

and the impact of imposing constraints on the design parameters.

For the substitution and transition analysis INTOR IIA-2 and the four
national design points are used. They are characterized for that purpose as

described in Section 4.

5.2 Individual sensitivities

The data of consistent design points resulting from single input parameter
changes is used to evaluate relative sensitivities with "S" as the
reference point. The range for single input parameter variations is chosen
such that it covers the possible or likely variation according to guide-
lines and for inductive current drive around the respective value for "S".
Thus, in general, two sensitivity values are shown, one for the lower 1imit
and the other for the upper limit in input parameter variation. A total of
eleven essential input parameters are varied individually, and'the
sensitivities are given for ten design parameters including cost. Tables
5-1 through 5-3 list the results for ASDEX H-mode scaling, Mirnov scaling
and Kaye-Goldston scaling (enhancement factor 2, eq. 21a). Physics input
parameters are the Troyon factor, the plasma elongation, the safety factor
(current-q), the useful B-fraction (related to Zgee), the power density
profile factor and the performance parameter. Engineering input parameters

are the maximum toroidal field at the innermdst circumference of the




toroidal field coil bores and the geometry factors that determine
(according to the respective plasma current and major radius) the central
solenoid radius (mainly determined by F1), the toroidal field coil
thickness (mainly determined by Fy), the inner blanket/shield thickness
(determined by Fo-Fj) and the inner horizontal wall radius (determined by

F3 * a/ao).

Tables 5-1 through 5-3 show sensitivities in a rather large range (absolute
values of up to 2.5 for ASDEX H-mode and Mirnov scalings, even larger for
Kaye-Goldston scaling). The distribution of low and high, negative and
positive sensitivities over the relationships between the impacted quantity
and modified input is notably dependent on the confinement scaling used. A
remarkable similarity is generally seen when the sensitivities for Mirnov
scaling are compared with those for ASDEX H-mode scaling, apart from a
number of single differences. For Mirnov scaling the impact of changes in
the safety factor is lower, éxcept for the impact on the wall loading. The
impact of changes in maximum toroidal field on cost is also lower, thé
impact on fusion power is even of opposite sign, whereas the impact of
changes in central solenoid radius on fusion power, wall load and cost is
stronger. When the sensitivities obtained for Kaye-Goldston scaling (H-mode
enhancement factor 2, P = Wyn/tg; see Appendix I) are compared with those
for ASDEX H-mode scaling, much less similarity is seen. The impact of the
Troyon factor, elongation, safety factor and useful beta fraction is for
many cases much stronger or much weaker and sometimes of opposite sign. In
a similar way, highly different sensitivities are seen for changes of
maximum toroidal field and of the central solenoid radius. Taking the sums
of the absolute sensitivities for columns and rows in Tabies 5-1 through
5-3 helps to provide an overall view. From the vertical sums that refer to
the input parameters one sees that single sensitivities are particularly
strong for the physics input parameters and the maximum toroidal field,
while the constituents of the radial build accumulate much less in
sensitivity, with the exception of the central solenoid radius, whose
impact appears about as strong as that of one of the physies input
parameters. For Kaye-Goldston scaling the sensitivities to changes of
elongation, safety factor and maximum toroidal field are particularly

strong.
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Taking the horizontal sums permits one to identify those design parameters

that are particularly succeptible to impact from input parameter changes.

For ASDEX H-mode scaling the fusion power and neutron wall load are
strongly influenced by physics input parameter changes (the neutron wall
load by engineering input parameter changes as well), whereas the major
radius, plasma current and beta show more moderate and comparable impact
resulting from changes in physics and in engineering input parameters. Cost

is strongly influenced by physics input parameters.

For Mirnov scaling the picture is similar to ASDEX H-mode scaling with a
stronger impact of engineering input parameter changes on the power,
neutron wall load and cost. The overall sensitivity level (as indicated by
the total sum of absolute sensitivity values considered) is practically the

same as for ASDEX H-mode scaling.

For Kaye-Goldston scaling the overall sensitivity level is almost twice
that of the other two scalings. Particularlythe impact on the fusion power
and cost derives mainly from physics input parameters, but also from
changes in engineering input. The overall impact of any changes on the
plasma current is about twicé as large as for ASDEX H-mode scaling. The
impact is stronger for other design parameters as well. (Taking eq; 21 for
Kaye-Goldston scaling would lead to a lower overall sensitivity level than
using eq. 21a.)

The reference case "S" and the 19 alternative cases, listed in Table 5-4,
which are arrived at by single input parameter changes are characterized in
Figs. 5-1 through 5-3, which show the design points in the plane of fusion
poweﬁ vs. major radius. This representation allows direct comparison of

single sensitivities aﬁong different confinement scalings.

It is clear that, for example, the sensitivity to changes of the
performance parameter and the power density profile factor is the same for
all three confinement scalings considered. For ASDEX H-mode and Mirnov
scalings no large differences in sensitivity are seen from changes of the

Troyon factor and the useful beta fraction, but the impact of changes in
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Table 5-4 List of cases and input parameters as used in the
study of the impact of single input paraméter changes
(ASDEX H-mode scah‘ng)+

F

Case B
/9, C G v g F

No. 4g/g. k/k
0 0 _— 1 2 3 4
"S™ 0.550 1.300 1.000 I.7130 0.897 1.627 0.950 0.380 0.240 0.250 0.060
1 0.500
0.600

2
3 1.200
4 1.000

5 1.375

6 0.850
7 : 0.950

8 0.850

9 1.150

10 0.330

11 0.400

12 0.270

13 0.270

14 0.040
15 0.080
16 0.900 '
17 1.050

18 - 10%

19 + 10%

Only the parameters that are changed have been listed. The following
numbers have been used throughout for the input parameters not mentioned
in the table:

Cp = 0.900, C, = 0.923, 3 = 1.000

"For Mirnov and Kaye-Goldston scaling the rghva1ues for "S" would be
1.949 and 3.681, respectively
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5-1 Fusion power vs. major radius - ASDEX H-mode scaling.

Sensitivity to single input parameter changes (for cases see
Table 5-4, Reference INTOR IIA-1).



..15_

1.5 4

n P

1.0 +— 620 MW

0.5 T T T T T T !
0.5 1.0 . ML

Fig. 5-2 Fusion power vs. major radius - MIRNOV scaling.

Sensitivity to single input parameter changes
(for cases see Table 5-4, Reference INTOR IIA-1).
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the safety factor and elongation is definitely different, as is the impact

of changes in the maximum field and central solenoid radius.

For Kaye-Goldston scaling the sensitivity to changes of the safety factor
and elongation is very large, some of the other input parameters also
showing a stronger and a different impact when compared with the other

scalings.

Such a representation can be established for other design parameters as
well. It may suffice here to understand from the fusion power vs. major
radids representation that the cumulative impact of single paraméter
changes depends notably on the confinement scaling on which the selected

ignition margin is based.

5.3 Global sensitivities

5.3.1 Global substitution analysis

This method allows a wide range in design parameter space to be covered by
mutual substitution of input parameters. On the basis of the INTOR Phase
IIA Part 2 design and the national design points NET-DN, FER, TIBER II and
OTR (as represented in Section 4) the entire physics and engineering input
parameter sets as of Table 4-1 were exchanged, the respective ignition
margins in terms of ASDEX H-mode scaling being assumed to be part of the
respective physies input parameter set. This latter choice - as will be

shown - has a notable impact.

Table 5.3.1-1 lists the essential design parameters of 25 cases, including
the 5 basic cases. Table 5.3.1-2 explains the combinations and their
numbering. Table 5.3.1-1 also contains the design parameters of case "S",

mentioned earlier.

In Figure 5.3.1-1 the five basic cases and their "hybrids" are shown in the
fusion power - méjor radius plane (ASDEX H-mode scaling being applied
throughout ). According to the properties of the ASDEX H-mode scaling the
picture appears rather clear-cut: all cases that have a given physics input
appear on solid lines, whereas those with the same engineering input are

connected by broken lines. Some remarks are added to a number of the design
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Table 5.,3.1-2

_19_

Cases for mutual comparison of 5 next-step designs

INTOR NET-DN FER TIBER OTR
IIA-2 IT

Case P E P E P E P E P E

1 X X

2 X X

5] X X

4 X X

5 X X

6 X X

7 X X

8 X X

9 X X

10 X X

11 X X

12 X X

13 X X

14 X X
15 X X

16 X X

17 X X

18 X X

19 X X
20 X X
Sequence of the cases in Table 5.3,1-1 :
2,856, 8 (INTOR IIA-2 physics + 4 other cases” eng.)
1.,1073127,14 (NET-DN physics + 4 other cases” eng.)
3,9 ,16 ,18 (FER physics + 4 other cases” eng.)
5: it he 152720 (TIBER II physics + 4 other cases” eng.)
Tial3:587 .19 (OTR physics + 4 other cases” eng.)
I = INTOR IIA-2
ITI = NET-DN
I1T = FER
Iv = TIBER II
v = OTR
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Fig. 5%3.1=1 Comparison of 5 original designs with alternatives.

Fusion power vs. major radius (see Table 5.3.1-1).

Remaining alternative data points: (D



- 21 -

points that characterize them as "low" or "large" in the parameter
indicated with respect to the INTOR values. Hence parameter combinations
(wall load, beta, ignition margin) typical-of INTOR are found in a limited
domain around INTOR IIA-2 and NET-DN.

On the basis of the ASDEX H-mode confinement scaling the fusion power level
is obviously strongly determined by the physics input parameter
combination, while - for given physics input - the engineering parameter
combination mainly impacts on the major radius. Figures 5.3.1-2 and 5.3.1-3
show the wall load and the plasma current vs. major radius for the same
cases. Here, obviously, the combination of the physics and engineering
input parameter sets is important and the ordering of the (now broken)
solid lines for cases with equal physics input is changed. The domain for

INTOR-1like cases in terms of plasma current appears particularly large.

For comparison, power vs. radius diagrams are shown in Figs. 5.3.1-4 and
5.3.1-5 for Mirnov and Kéye—Goldston scalings. Since these scalings involve
an aspect ratio dependence different from that of the ASDEX H-mode scaling,
the lines connecting cases for a certain physics input are now broken, and
the sequence of design data points for different engineering assumptions
differs from that in Fig. 5.3.1-1. Comparing data points in Figs. 5.3.1-1,
5.3.1-4 and 5.3.1-5 with'the same number (= same combination
physics/engineering input) for the average tensile stress and average
current density in the inner toroidal field coil leg gives about the same
values independently of the confinement scaling. This proves that the
simplified rescaling model can indeed be used for such a substitution
analysis with fair approximation. As indicated further in Figs. 5.3.1-4 and
5.3.1-5, the parameter combinations (wall load, beta, ignition-margin)
typical of INTOR are again found in a limited domain (somewhat different in
shape) around the INTOR IIA-2 and NET-DN data points.

Comparison of Figs. 5.3.1-1, 5.3.1-4 and 5.3.1-5 shows that for all three
confinement scalings used certain design points can be found from
substitution analysis that comply with the usual INTOR-like conditions on
neutron wall load, beta and ignition margin. The remaining design data

points, however, differ somewhat depending 6n the confinement scaling. For
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Fig. 5.3.1-2 Comparison of 5 original designs with alternatives.

Neutron wall load vs. major radius (see Table 5.3.1-1),
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ASDEX H-mode scaling in addition to NET-DN, INTOR IIA-2 and FER the data
points 1, 10 and 2, Y4 comply with INTOR-like conditions, where Y4 and 10 do
not allow full inductive current drive (like FER). For Mirnov scaling the
remaining data points are 10, 2, 4, 9, where point 4 is quite close to FER
in the fusion power versus‘major radius plane. The positions of points 3, 5
and 11 close to some of the remaining data points are a clear indication of
the multidimensionality of the substitution procedure and the fact that any
representation in terms of just two parameters is only a projection from
the existing multiparameter space. For Kaye-Goldston scaling only data
points 1 and 10 remain besides NET-DN, INTOR IIA-2 and FER. These results
indicate that, if for all three confinement scalings the respective Y$-
values for INTOR IIA-2 and NET-DN are accepted, there exists a certain
range around these two design points where alternative design points can be
found which comply with INTOR-like conditions and allow full inductive
current drive.

The global substitution.analysis carried out for three confinement scalings
allows an overall picture to be drawn when plotting the remaining data
points in terms of fusion power versus major radius as shown in Fig.
5.3.1-6. While the remaining data points for ASDEX H-mode or Mirnov
scaling are mainly found in the neighbourhood of INTOR IIA-2 and NET-DN or
INTOR IIA-2 and FER, respectively, those for Kaye-Goldston scaling are
found over the entire range between FER and the two other design points
mentioned. These design data points and the remaining alternative data
points apbear along two practically parallel lines, the left one comprising
all cases with noninductive current drive and the right one those with
inductive current drive. Between the two a separation line is drawn which
also separates the left;hand region, where the tendency for high neutron
wall load and high stresses prevailé, from the right-hand region, where
beta tends to be low. As one follows the separation line in the direction
of larger fusion powér,the tendency is for larger ignition margin in
general, but, depending on the details of combining the input data, there

are exceptions.

5.3.2 Transition study
A stepwise transition from one design to another (assuming a certain

confinement scaling throughout) can help to explain the differences between
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Fig. 5.3.1-6 Comparison of remaining alternative data points
for three confinement scalings.

Fusion power vs. major radius.
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Table 5.3.2-1

Sequence of stepwise modification of input parameters

ASDEX H-mode scaling: INTOR ITA-2 to NET-DN

step
( rel. Troyon factor 1 g/g0 : 0.700 -+ 0.606 5 5.775
( rel. safety factor 2 q/q, : 0.848 > 1.020 q = 2.078
( rel. elongation 3 k/k0 : 1,000 - 1.281 ko = 1.6
PHYSICS ( rel. fusion rate 4 Cg 1.000 - 0.923 )
, see
( rel. fuel-B / total B 5 C : 1.143 -+ 1.024 ) wakak 1
( rel. electron density/ 6 Cn : 1,000 = 1.000 )
fuel density
( rel. perform. parameter 7 vY&-C 1.1810+ 1.3947)
( rel. temperature 8 & : 1.000 -+ 1.000
( geometry factor 9 F, 0.403 =+ 0.337 )
" ' ]
( 10 F, 0.241 - 0.255 ) e
ENGINEERING ( " e 11 F4 0.062 =+ 0.036 ) Annex 1
Co " 12 F, 0.264 - 0.258 )
( rel. max. toroid. field 13 Bmax : 0.991 - 0.997 B =10.474 T
maxg
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Table 5.3.2-2

Sequence of stepwise modification of input parameters
ASDEX H-mode scaling: INTOR IIA-2 to FER

INTOR
step "IIA-2 FER
( rel. Troyon factor 1 g/g,: 0.700 » 0.606
( rel. safety factor 2 q/q : 0.848 > 0.874
( rel. elongation 3 k/ko: 1.000 - 1.063
PHYSICS ( rel. fusion rate 4 Cg @ 1.000 - 1.249
( rel. fuel-B / total B 5 1.143 > 1,110
( rel. electron density 6 b 1.000 + 0.915
/ fuel density
( rel. perform. parameter 7 Yﬁﬁcp 1.1810» 0.8431
( rel. temperature 8 5% : 1.000 + 1.200
( geometry factor 9 F, : 0.403 > 0.304
( geometry factor 10 F, : 0.241 > 0.236
ENGINEERING ( geometry factor 11 F, :0.062 > 0.079
( geometry factor 12 F3 : 0.264 » 0.262
( rel.max. toroid. field 13 Bmax 0.991 -+ 0.909
Fmax,
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Table 5.3.2-3

Sequence of stepwise modification of input parameters

ASDEX H-mode scaling: INTOR IIA-2 to TIBER II

INTOR

step " ITA-2
( rel. Troyon factor 1 g/go: 0.700 -
( rel. safety factor 2 q/qo: 0.848 -
( rel. elongation 3 k/koz 1.000 -+
PHYSICS ( rel. fusion rate 4 Cf : 1.000 -
( rel. fuel-8 / total 8 5 ¢ 1.143 +
( rel. electron density 6 Cn : 1.000 ~

/ fuel density
( rel. perform. parameter 7 ‘YiCp: 1.1810~+
( rel. temperature 8 9 1.000 -
( geometry factor 9 F, :0.403 ~
( geometry factor 10 F, :0.241 »
ENGINEERING ( geometry factor 11 F, :0.062 ~
( geometry factor 12 F3 : 0.264 ~
( rel.max. toroid. field 13 Bmax  0.991 -
Boax"

TIBER
II

0.479
1.037
1.500
1,328
0.888
1.023

0.8559
1.940

0.272
0.137
0.039
0.251
1.019
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Table 5.3.2-4

SN0 ~

Sequence of stepwise modification of input parameters

ASDEX H-mode scaling:

INTOR IIA-2 to OTR

step

( rel. Troyon factor 1

( rel. safety factor 2

( rel. elongation 3

PHYSICS ( rel. fusion rate 4
( rel. fuel-B / total B 5

( rel. electron density 6

/ fuel density

( rel. perform. parameter 7

( rel. temperature 8

( geometry factor 9

( geometry factor 10

ENGINEERING ( geometry factor 11
( geometry factor 12

( rel.max. toroid. field 13

g/g,:
: 0.848 »
k/k _:

q/q

INTOR

"ITA-2

0.700 ~

1.000 +
1.000 +
1.143 +
1.000 +

1.1810~
1.000 -+

: 0.403 =

0.241 »

: 0.062 —+
: 0.264 »

0.991 »

OTR
0.603
1.014
0.938
0.859
1.154
0.923

1.0886
0.800

0.476
0.269
0.090
0.272
0.983
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Table 5.3.2-5

Sequence of stepwise modification of input parameters

ASDEX H-mode scaling:

PHYSICS

ENGINEERING

~~ ~~ ~~ ~~ Lo

INTOR ITA-2

rel. Troyon factor
rel. safety factor
rel. elongation

rel. fusion rate

rel. fuel-B / total-B

rel. electron density
/ fuel density

rel. performance
parameter

rel. temperature

geometry factor

rel. max. toroidal
field

to 'S’

step
1

2
3
4
5
6

10
11
12

13

/g, ¢
a/q, :

k/k

L I B B |

[==]
B &~ w N

B
maxo

o

0.700
0.848

—

o © O ©

o

.000
.000
. 143
.000

. 181

.000

.403
.241
.264
.062

.991

o O O O

.550
.000
.300
.897
.130
.923

464

.000

.380
.240
.250
.060

.950

R .

6 - 5.775
g. = 2.078
k = 1.600

o
see
Annex 1
see
Annex 1
B

maxo =
10.474 T
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the two and to what degree the individual input parameter variations
contribute to the overall difference. The procedure is shown for the
transitions from INTOR IIA-2 to any 6f the other design points of

Table 2-1. Using the input parameters listed in Tables 5.3.2-1 through
5.3.2-5, Figs. 5.3.2-1 through 5.3.2-30 show the successive introduction of
the input parameter changes, with the cumulative impact on fusion power,
neutron wall load, plasma current, aspect ratio, beta and cost being seen

in each step.

For the transitions from INTOR IIA-2 to NET-DN and to "S" Figs. 5.3.2-31
and 5.3.2-32 show 0/0, versus p as an indication of how well the
simplified rescaling approach keeps the toroidal field coil stress level.
For the first case there is a strong change in engineering input and
consequently the change in stress is notable, while the physies input
changes do not affect the stress level much, as expected. In the second
case, where the engineering input changes are not large ényway, there is

generally little change in stress.

Below, the various transitions are commented on in an attempt to clarify

the major causes of the observed changes in design parameters.

INTOR IIA-2 -+ NET-DN

In this transition the change of the physics input is almost the only
reason for the change of the fusion power, while engineering and physics
input changes cooperate in causing the changes in the neutron wall load,
plasma current, aspect ratio, beta and cost. The engineering changes lead
to an increase in the plasma current and beta and to a decrease in the
neutron wall load. The major radius is changed almost entirely by the

physics input change.

INTOR IIA-2 + FER

In this transition the change of the physics input is the main reason for
the change of the fusion power, neutron wall load and cost, while
engineering and physics input changes cooperate in causing the changes in
the plasma current, aspect ratio and beta, where their impacts partially

compensate. The engineering changes lead to an increase in the plasma




current and beta and to a decrease in the neutron wall load. The major

radius is changed by both the engineering and physics input changes.

INTOR IIA-2 » TIBER II

In this transition the change of the physics input mainly causes the change
in the fusion power, while the changes in the plasma current, cost and beta
are mainly due to changes in the engineering input. The neutron wall load
remains nearly the same, because the impacts of engineering and physics
input changes cancel. This holds almost equally well for the aspect ratio.

Engineering input changes mainly cause the major radius change.

INTOR IIA-2 » OTR

In this transition the change of the physies input is the main reason for
the change in the fusion power, neutron wall load, beta and cost, while for
the plasma current and the aspect ratio the impacts of engineering and
physics input changes nearly cancel. The major radius change is caused by

both engineering and physics input éhangea.

INTOR IIA-2 =+ ngn

In this transition the change of the physics input is the main reason for
the changes in the fusion power, neutron wall load, plasma current and
cost, while for the aspect ratio and beta the impacts of physics and
engineering input almost cancel. The major radius change is a result of

physics and engineering input changes.

It has to be noted that the transitions described above are based on ASDEX
H-mode scaling, as mentioned in the parameter list in Table 4-1. The
pathway of a transition, however, depends on the confinement séaling
assumed. As can be seen from Figs. 5.3.1-1, 5.3.1-4 and 5.3.1-5, the
corresponding intermediate data points (for a global exchange of physics
and engineering input parameters) are found in rather different positions
for the three scalings applied. It can also be seen that the relative
importance of the impacts from physics and engineering input changes

notably depends on the confinement scaling adopted.
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Stepwise transition studies based on a certain confinement scaling can
indicate for each design parameter how the impact of individual changes in
physics and engineering parameters can add up or cancel. They thus provide
a basis for understanding how to tailor, for example,a next-step fusion

reactor design for a certain performance.

5.3.3 Sensitivity study of combined input parameter changes

For this study the aforementioned INTOR-like design point "S" was again
used (see Table 5.3.1-1). As has been seen in Sections 5.3.1 and 5.3.2, the
cumulative impact of input parameter changes is different for each design
parameter and could easily lead to undesirable numbers for some of them,
e.g. the wall load (see Fig. 5.3.1-2). In order to limit the possible
design parameter combinations (still infinite in number) to a certain
domain in multiparameter space, the range of input parameter variations is
limited to that of Table 5-4 and at the same time desired ranges of the
design parameters are given. Changing one of these range definitions or
both will shift the resulting domain and vary its size (including

cancellation for certain data combinations).

In order to show these effects a number of combined input parameter changes
was introduced and selected for fulfilment of two somewhat different design
parameter ranges. The listing of alternatives is given in Tables 5.3.3-1
and 5.3.3-2 and the corresponding data points are illustrated in Figs.
5.3.3-1 through 5.3.3-10, showing design parameter points versus the
pertaining major radius. These data refer to ASDEX H-mode scaling only. As
listed in Table 5.3.3-1, combined parameter changes were introduced first
by taking all "best" physics input parameters together with all "best"
engineering input parameters which might result in an overall "best"
configuration (cases 20, 21). In fact, it can be seen that the dimensions
decrease in relation to case "S" and that the performance in terms of
fusion power, wall loading and beta notably improves, while cost decreases.
The opposite possibility of combining all "worst" physics input parameters
with all "worst" engineering parameters leads to a dramatic reduction in
performance and increase in dimensions, and hence the corresponding data
points are not shown (cases 22, 23). A further "improvement" on cases 20,

21 is possible by increasing the combined radial build of the magnets and




=

Table 5. 37350 List of cases and input parameters as used in the
study on the impact of combined input parameter
changes (ASDEX H-mode scah‘ng)++

Case
No. 9/90 k/k0 q/q0 C Cf v Bmax Fl F2 F3 F4

"S™ 0.550 1.300 1.000 I.130 0.897 1.627 0.950 0.380 0.240 0.250 0.060
20 0.600 1.375 1.000 1.150 0.950 1.627 1.050 0.330 0.240 0.250 0.040

0
1
21 see case 20, but with 0.950
X
0
0

22" 0.500 1.000 1.200 0.850 0.850 1.627 0.900 0.400 0.270 0.270 0.080
23*  see case 22, but with .950

24  see case 20, but with 0.080
25 see case 21, but with 0.080
26* see case 22, but with 0.040
27% see case 23, but with 0.040
28 0.600 1.375 1.000 1.150 0.950 1.627 0.900 0.400 0.270 0.270 0.080
29 see case 28, but with 0.950

30" 0.500 1.000 1.200 0.850 0.850 1.627 1.050 0.330 0.240 0.250 0.040
31x see case 30, but with 0.950

32 1.375 1.096

33 1.096 1.042

34 1.150 0.866

35 0.540 1.150 0.866

36 0.525 1.375 1.048

37 1.000 0.361

38 0.361 0.057
39 0.220

40 0.361 0.220 0.057
41 1.000 0.361 0.220 0.057

Only the parameters that have been changed are listed. The remaining
ones are those of case "S", unless otherwise stated (see also Table 5-4).

Cases with index x lead to design parameters far beyond the range con-
sidered here and are not shown in Figs. 5.3.3-1 through 5.3.3-13.

**For Mirnov and Kaye-Go]dston-scaling (Figs. 5.3.3-12 and 5.3.3-13)
the ﬁ*-vaTue for "S" would be 1.949 and 3.681, respectively.
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Table Bed: 32 List of cases and input parameters as used in the
study on the impact of combined parameter changes
(ASDEX H-mode scaling)*+

Case B
No. g/g, k/k, a/a, C Cp ¥ = Fp F, Fy Fy
maxo
S 0.550 1.300 1.000 1.130 0.897 1.627 0.950 0.380 0.240 0.250 0.060
1A 0.500 + 10%
2A 0.600 - 20%
2B 0.600 - 10% 0.900
3A 1.2 + 10%
4A 0.600 1.000 + 10%
5A 1.375 - 10%
7A 0.950 - 10%
15A - 10% 0.040
24A see case 24, but with - 30% 0.950
25A see case 24, but with - 30% 0.950
28A see case 28, but with - 10%
28B see case 28, but with - 20%
29A see case 29, but with - 10%
29B see case 29, but with - 20%
33A see case 33, but with 0.950
37A see case 37, but with - 10%
39A see case 39, but with - 10%
40A see case 40, but with - 10%

Only the parameters that have been changed are listed. The remaining ones
are those of case "S", unless otherwise stated (see also Tables 5-4 and
Bedya=1].

**For Mirnov and Kaye-Goldston scalina (Figs. 5.3.3-12 and 5.3.3-13)
the y¥-value for "S" would be 1.949 and 3.681, respectively.
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simultaneously decreasing the inner blanket/shield thickness (cases 24,
25). Taking the opposite measure on cases 22, 23 again leads to low
performance data points 26 and 27, not shown in Figs. 5.3.3-1 through
5.3.3-11. A combination of the "best" physics input parameters with the
"worst" engineering input parameters leads to design parameter sets in the
vicinity of case "S", but with larger dimensions (cases 28, 29). The
opposite combination ("worst" physics with "best" engineering input para-
meters) results in low performance data points 30, 31, not shown. The
remaining cases 32 through 41 indicate possibilities of parameter
combinations and their impact where the performance parameter is kept
constant and the input parameters are only changed within the respective
ranges shown in Table 5-4. The cases represented in Figs. 5.3.3-1 through
5.3.3-11 can by no means cover all combinations that are possible between
the input parameters (within their given range), but they already indicate
the typical range of design parameter sets attainable with such input
parameters. The ranges are quite different for the individual design
parametersrand for cost, and also the sensitivities to the changes intro-
duced are quite different. Generally the largest impact is seen in cases
20, 21 and 24, 25 with a combination of "best" physics and "best"
engineering input. These cases approximately mark the upper limit in
performance and the lower limit in outlay attainable with the input
assumptions. The upper limit of size and outlay is approximately determined
by cases 28; 29 with a combination of "best" physics and "worst"
engineering input. Hence the design parameter ranges indicate among other
aspects the possible influence of engineering input assumptions, the

influence of the physics input assumptions being large anyway.

So far no reference has been made to any range of desired design para-
meters. Already from Figs. 5.3.3-1 through 5.3.3-11 it can be seen that for
some cases the resulting design parameters are obviously outside the range
" that may be required for a next-step reactor. For example Fig. 5.3.3-2
indicates values of the neutron wall load that are in some cases much

larger than specified for INTOR.

In order to see what parameter combinations would result in what  ranges
for the design parameters, depending on limitations imposed on some of them,
and what impact these limitations would have, the cases listed in Tables 5-U4

and 5.3.3-1,containing single and combined parameter changes,were searched
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for those which fulfilled either the first or at least the second of the
two following INTOR-like sets of constraints:

Constraint I Constraint II
0.77 < 6 < 1.05 0.77 < 6 < 1.05
B/B0 > 0.85 B/B0 > 0.76
MiAX > 2.25 MiAx >2.29
MiKG > 0.78 MiKG > 0.78

MiG > 0.81 MiG > 0.64

(The definitions of Mjkg and Mjg are those of eqs. 2la and 22a with

fH = 2.)

(The cases listed have additionally been checked to ensure that they do not
exceed about 1.25 times the averaged current density and/or tensile stress
in the inner toroidal field coil legs, in relation to the reference

INTOR IIA-1.)

Since the selection according to constraint I from Tables 5-4 and 5.3.3-1
leaves only cases 6, 9, 10, 12 through 14, 16, 18, 28, 32, 34, 35 and 38.
(and "S"), an attempt was made to modify the remaining ones so that they
would fulfill at least constraint II. This was done mainly by changing the
performance parameter Y. The result is listed in Table 5.3.3-2. Figures
5.3.3-7 through 5.3.3-11-show the fusion power, plasma current, aspect
ratio, fuel beta and cost versus major radius for all cases that fulfill
the above constraints with full dots indicating constraint I and circles
indicating constraint II. Although this selection can by no means be
complete, it indicates typical ranges of design parameter sets that would
be attainable under the above constraints and by variations of input
parameters from those of point "S" within given ranges (see Table 5-4). It
is seen that for the combination of input parameter ranges and constraints
that is used here the modification in constraint II in relation to
constraint I has a notable impact on the accessible parameter range.
Inspection of the design parameter list shows that cases 1A, 3A and 4p
arise mainly because of the relaxation in the B/BO constraint, while cases
2A, 24A and 25A appear because the boundary on the Goldston ignition margin
MiG has been lowered in constraint II. Constraint II would also introduce
cases 1, 3, 11, 15 and 17 from Table 5-U4. Since the corresponding data

points do not alter the'overall picture, they have been omitted. Among all
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data points that comply with constraint I, case 10 has the largest B/BO
value of 0.95. This is due to the low aspect ratio and the large plasma
current (see Figs. 5.3.3-8 and 5.3.3-9) arrived at by decreasing the
central solenoid radius (see Table 5-4). Case 10, however, is at the same
time, close to the upper limit in neutron wallrload imposed by the
constraints. Cases 28B and 29B indicate what design parameters could be
attained with the "best" physics and the "worst" engineering input
parameters and a reduced performance parameter still within constraint I.
Figure 5.3.3-11 shows that case 10 would have about the same outlay as case
ngn, while cases 28B and 29B would be about 15 % lower in cost. Figure
5.3.3-8 shows the strong difference in plasma current between cases 10 and
28B/29B (cases 28B and 29B have B/BO values of 0.92 and 0.90,
respectively). It can be further seen that case 29B comes rather close to
INTOR Phase IIA-2 in the design parameters. As seen in Fig. 5.3.3-10, in
respect of useful beta all cases fulfilling constraint I are found in a

narrow region.

So far all figures refer to ASDEX H-mode scaling. In order to indicate the
selection (by constraints I and II) of alternative data points that results
when applying Mirnov and Kaye-Goldston scaling for the corresponding
variations in input assumptions listed in Tables 5-4, 5.3.3-1 and 5.3.3-2,
Figs. 5.3.3-12 and 5.3.3-13 show the data points in terms of n versus p
and ére to be compared with Fig. 5.3.3-7T.

Three classes of data points can be identified in such a comparison . The
first one refers to changes of input parameters that are not contained - or
appear only as a weak function - in the confinement scalings. As one would
expect, these data points are found in all three cases in Figs. 5.3.3-7,
5.3.3-12 and 5.3.3-13 at rather similar positions. This is also true of
changes in YS‘(which depends on the confinement scaling) because the same
relative changes of Y3 have been taken. The following list contains the
numbers associated with this class of data points and the input quantity

that was changed:

point(s) number 1A|9,3u|6,7A|15A,18,37A,39A,uoale pz |13 |1u 25A
input quantity g

Bmax

C e v3

£ F

2 F

3 F

g
_!-YS-
g

(o]

changed g

4 |Bmax
o o}
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The second class of data points are also found in all three figures, but at
rather different positions. They typically refer to combined changes of

several input parameters and of changes in Bmax/Bmax, as listed below:

point(s) number 5A |2B |16 l28A,2BB.29B ‘38
input quantity g g Bmax |Bmax

- ’YS — ’ comb., Yﬂ* Fl’ F4
changed kg g, Bmax  |Bmax

A third class of points - the remaining ones - only occur in two figures or
even only in one. They may refer to single or combined input changes
depending on the confinement scaling. Typical cases that only occur for a

particular confinement scaling under the constraints imposed are:

point(s) number 10 4o 5
input quantity F1q F1,F2,Fy k
changed Kg
confinement sclg. ASDEX H-mode | Mirnov Kaye-Goldston

In summary, it can be stated that within the constraints given a similar
range of design parameters in terms of n versus p can be covered for

different confinement scalings. Any given design point in the n versus p
plane, however, may require quite different input parameter combinations,

depending on the confinement scaling assumed.

5.3.4 Overall comparison of INTOR-like design points and outlook on the
impact of changing the input assumptions

Using the relations derived in Section 3 of Annex I, one can gain some

insight into the essential properties of the design data sets as of Table

4-1 and get some idea how a next-step parameter set could be arrived at.

Table 5.3.4-1 lists the values of the constituents contained in eqs. 28 and
31 for the design data sets mentioned. It can be seen that the values
considerably differ over the range of'design data sets taken into account.
The extremes are reached in many cases for the TIBER II and/or OTR |
design(s). For example, Cphys - a physics-dominated characteristic figure -
is rather low for TIBER II, leading to small size, but at the expense of
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Fig. 5.3.4-1 Fusion power vs. major radius for respective

constant np as given for the designs of Table 2-1.




- 68 -

Figure 5.3.4-2 shows for the above design data sets the major radius
versus the pertinent Cphys value. The nearly linear dependence indicated by
eq. 31 is seen. Even the three constituents that make up the major radius
show an approximately linear dependence on Cphys- This demonstrates the
necessity of a consistent design to balance the component layout, which
means that, for example, advanced input assumptions are reflected in all of
the radial constituents. TIBER II and FER with plasma currents comparable
to those of some of the other designs can hence only be defined with
notably reduced shield thickness and central solenoid radius, which implies

advanced materials and fully or partially noninductive current drive.

While FER, INTOR IIA-2, "S" and NET-DN have approximately p = 0'95*Cphys-
one finds for OTR and TIBER II 0-90*Cphys and O.80*Cphys, respectively.
This underlines the fact that the major radius is strongly determined by

the composition of physies input parameters as contained in Cphys-

The ignition capabilities for the six tokamak configurations are compared
as follows: As indicated by eq. 47 (Annex I) the ignition margin can be
generally described as being proportional to n/p multiplied by a function
of the physics input parameters and the aspect ratio that depends on the
confinement scaling considered. Hence Fig. 5.3.4-3 shows the ignition
margins as listed in Table II.1 versus thé respective n/p values. For
ASDEX H-mode and Mirnov scaling the linear n/p dependence is well
confirmed on the average (some notable deviations are explained
qualitatively). Even for Kaye-Goldston and Goldston scaling the n/p
tendency is still indicated although the predicted functional dependence
differs (see explanation with eq. 47, Annex I). It should be noted at this
point that n/p is equivalent to the product of the fusion power density
and the square of the average minor plasma radius (all in relative terms),
and hence it is related to the power density and a characteristic diffusion
length (whatever confinement scaling may be applied). Among all the
confinement scalings considered here, those implying degradation dué to the
heating power (with enhancement factors that are meant to account for H-
mode operation) are most pessimistic and just allow Mj = 1 to be attained

for NET-DN or "S"-like size and physics input assumptions.
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as given for the designs of Table 2-1.
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Fig. 5.3.4-3 Ignition margins as of Table 1II-1 vs. n/p.
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On the basis of one of the confinement scalings shown in Sec. 1 Annex 1 and
of physics input parameters thought to be attainable in a reacting plasma
it is possible to produce sets of design parameters for next-step reactors
by tailoring them for a certain minimum ignition margin. In general
Goldston scaling with an enhancement factor of 2.2 (for H-mode operation,
quoted by JET) leads to a somewhat lower calculated ignition margin than
Kaye-Goldston scaling with an enhancement factor of 2 for the same
configuration. The other confinement scalings quoted here (ASDEX H-mode and
Mirnov scaling) give notably larger ignition margins which indicate the
level that might be attained if no degradation due to the alpha heating
power were present. As long as no definitive confinement scaling has been
established, it seéms appropriate to use the most pessimistic scaling for

determining any next-step reactor parameters.

Table 5.3.4-2 lists a number of non-optimized cases that have been
approximately tailored to meet the Mj; > 1 requirement. It starts with case
"S"™ used in this work for sensitivity analysis and continues with other
cases that imply changes in the physics input assumptions tending towards
the Troyon limit for total beta, towards a Murakami number of 10, towards a
maximum elongation of 2 and towards an increased current-q of ébout 2.2.
The last case refers to a DEMO-like reactor that essentially retains the
input assumptions of the (next-step) case '"S2". For all next-step cases

shown Mi is only slightly above one. It is seen that the gradual

modificasion of the physics input assumptions (a modification of the stress
and current density in the toroidal magnets is also introduced) leads to a
gradual increase in the plasma current, size and outlay. While for the
plasma temperature of 10 keV initially assumed the ignition margin for
Kaye-Goldston scaling is generally somewhat larger than for Goldston
scaling, Mjkg becomes lower than Mjg; as soon as the plasma temperature has
to be increased in order to keep the Murakami density limit to about 10.
This is seen particularly well for the last data set. Should the relations
used in this work approximately describe reality, this would mean that even
for a DEMO-like reactor a Kaye-Goldston ignition margin of 1.5 may be hard
to attain. This points to the importance of a temperature dépendence of the

confinement scaling.
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Some next-step design data sets
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An overall preliminary conclusion from Table 5.3.4-2 is that for a next
step in tokamak reactor development somewhat larger dimensions than used
for INTOR and plasma currents between 12 and 19 MA are obtained, the
largest value for the plasma current referring to a DEMO-like step.
Obviously, the outlay strongly depends on the confinement scaling and
desired ignition margin. It appears hard to restrict the outlay required to
the INTOR cost estimateé. The last data set but one can be considered as a
marginal example of a next-step design. All cases shown can operate with
inductive current drive; all have the éame inner blanket/shield thickness.
The DEMO set shown may thus require advanced blanket/shield solutions. A
reduction of the inner solenoid radius generally leads to a further

increase in the plasma current and to a reduction of Mg and Mjkg.

6. Direct capital cost comparison

Table 6-1 shows a comparison between relative direct capital cost estimates
(with INTOR IIA-2 as the reference case, for which the relative cost would
be 1.00) calculated by the simple cost model mentioned in Section 3 and the

corresponding national estimates.

Table 6-1 Cost comparison
calculated estimate respective national estimate
NET-DN 1.21 1.04
FER 0.86 0.86
TIBER II 0.62 0.61
OTR 1.23 1.10

The comparison shows agreement within a deviation range of
+ 16 % to - 10 %.
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7. Summary and Conclusions

13

The simplified non-optimizing rescaling approach (using relative
quantities with INTOR II A-1 as the reference case) allows a rather
good representation of the éssential design parameters of INTOR

II A-2 and the four national designs with some minor adjustments.

This inspires confidence to apply the method in sensitivity analyses.

Single sensitivity studies show that the group of single parameters
whose individual change shows the strongest impact on non-optimized
design parameters consists of the physics input parameters, the
maximum toroidal field and the central solenoid radius. The
sensitivities depend notably on the confinement scaling assumed.
Strong impact can be expected from simultaneous changes of input

parameters for the combination of design parameters.

Global substitution analysis allows a wide range of design parameter
space to be covered by mutual substitution of the entire physics or
engineering input parameter sets among INTOR II A-2 and the four
national designs. This kind of analysis reveals that the accessible
domain of design parameters is rather limited when certain limits on
the desired output parameters neutron wall load, total beta and
ignition margins are imposed. The domains found for accessible design
parameters versus major radius depend on the confinement scaling
assumed for the substitution procedure (retaining the ignition margin
in terms of that scaling constant for each physics input parameter
set). A parameter range around INTOR II A-2 and NET-DN data is found
to comply for all confinement scalings considered, with the

constraints imposed.

A stepwise transition in input parameters from one design point to
another can help to clarify the essential differences between the
two. It has to be noted, however, that the pathway of the transition
and-the conclusions about the relative importance of physics and
engineering input changes depend notably on the confinement scaling

adopted.



5. Sensitivity studies on combined input parameter changes were made
around a suggested INTOR-like design point "S" that appears somewhat
more adjusted to physics guidelines as developed at the INTOR
workshop. The following can be concluded (study for ASDEX H-mode
scaling mainly). As in the global substitution analysis, a rather
limited accessible domain of design parameters is found. Further
improvements in physics input parameters would allow a reduction in
outlay. Making the design more compact by advanced engineering may
encounter limits due to rising neutron wall load, magnet stress and
current density. The typical accessible design parameter range found
would greatly change if the combination of input assumptions and

constraints on the resulting design parameters were altered.

6. A simplified direct capital cost evaluation shows agreement with the
respective national cost estimate (relative to INTOR II A-2) within a

deviation range of + 16 % to - 10 %.

7. An overall comparison of INTOR-like design points shows that a
certain combination of the physics input parameters called Cphys

enters strongly into most of the main design parameters.

8. An outlook on next-step design parameters arrived at with modified
input assumptions according to existing physics results leads to the
preliminary conclusion that somewhat larger dimensions than used for
INTOR and a plasma current >12 MA may be required for reaching
ignition. It may then be hard to restrict the outlay to the previous

INTOR estimates unless sub-ignited operation were accepted.
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Annex I

Simplified rescaling procedure for establishing possible next-step tokamak

reactor design parameters

This is a condensed version of rescaling as used in the course of the INTOR
studies in Phase IIA Part 3 when an attempt was made to compare INTOR with
the four national next-step designs and derive recommendations for a later
parameter selection.

The rescaling approach uses a certain "consistent" design point and studies
the variations that are possible around that point by changes of the input
assumptions. INTOR as of Phase IIA Part 1 is used here as the reference
design point. A relative representation of all quantities considered is
applied which makes all variations directly visible in the form of
deviations from unity to facilitate comparison.Another benefit is that
changes in numerical factors can sometimes be éocommodated without changing
most of the calculations.

The purpose of the simplified approach is to identify the essential quantities
and parameter combinations that lead to certain design parameter sets. Such
identification may be less straightforward when some existing detailed
design codes are used. The important issue is to try and find the best
compromise between "realistic" input assumptions and "suitable" performance
requirements of a next-step tokamak.

Earlier versions of the rescaling approach are found in /6/, /T/. /5/ gives
results of the above-mentioned comparison study. Below the present status
of the rescaling approach is given in relation to /1/ through /5/. For a

list of symbols see Appendix III.

1. Physics part of simplified rescaling

The essential relations refer to the limiting safety factor written as the
so-called current-q, to Troyon scaling for the total beta, to the Murakami
density limit (in the absence of an agreed more suitable relation), and to
a number of energy confinement scalings considered for comparison. Profile
effects are taken into account by defining certain profile-dependent

factors:
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A 9.9 2
IA B g . 070 1+k
_ . . = Px~=M with M=
g-condition: T A, E;' A 9, q 1+k§ , (1)
[ A
A A
- 2 0
Troyon scaling: 'g— = g; é&i = ( g; )" M=, (2)
0 o) Bo
n n
e DT Biedl
Murakami limit: +— = e (3)
Neo N "pTo Bo P
Profile-dependent factors are used as follows:
Bpric nopisin Ty
fusion fuel pressure: B - ( = )*=C, — . ()
DTo 0 P Mp1o
v B
To 219181 (A&
fusion power density: N v2'= Ce ( Bg; )~ ( ﬁ") ; (5)
’ 0 0
A
v 3 0.2k
with v; = pef I ) E >
0T, o8
fusion fuel beta: BDTO_ 'E; . (6)

From eqs. 1 through 4 and 6 one obtains a relation between the Murakami

parameter and the plasma current,

C.C
_.n" g IA
mh - C, 9, IA, (7)
p o ‘0o

which can be interpreted as follows: The product of the plasma current and
aspect ratio is determined by the Murakami number, temperature, Troyon
factor and three profile-related factors.

Using eq. 5, one obtains a relation that'to some extent characterizes the

outlay:
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ne = Cc( TA ) el ol g (8)
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which can be interpreted as follows: The product of the fusion power and major
radius is entirely given by plasma physics input parameters if eq. 7 is
used to replace the plasma current and aspect ratio.

The performance parameter

n T
. T_E,& (9)
"oTo TEo

allows any design parameter set to be defined with respect to ignition. The
ignition margin, however, needs to be separately defined. A very simple

version, used here, is

P. T R B.2V
SN i T i . (10)
1 PGO TEO p B B v— [

which neglects radiation losses. With the alpha power proportional to the

fusion power and with eqs. 5 and 6, one gets

m= CeCCy Ch ¥,

(1)

The energy confinement time scaling is often expressed as a product of
exponential functions of design paramefers such as dimensions, plasma
elongation, electron density, toroidal field, beta etc. Provided such a
representation is relevant and known, it can be transformed by applying the

above equations, into the form

|
]
-
—
—
S
>
©
j =
A
J'—'-I =
S
<

IO (}2)

where FT can comprise functions of all physics input parameters. In the
case of ASDEX H-mode and Mirnov scalings (which do not imply any
confinement degradation due to heating, i.e. heating by the alpha
particles) and of Goldston scaling (which implies confinement degradation)

the characteristic confinement parameter Ft is particularly simple, while
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for Kaye-Goldston scaling,also implying degradation, it turns out to

contain several of the physics input parameters (see Appendix I, C; = 1).
FT A M Y
ASDEX H-mode scaling: 1.000 1.000 1.000 0,000
Mirnov scaling: (k/ko)0-5 1.000 1.000 -1.000
Goldston scaling: M 0 1.760 -0.260
(eqs. 1.8 through I.11) 0.214 _0.976
(g/g )" :
[0}
Kaye-Goldston scaling: 1.2114 0.357 1.214
(eqs. I.8 through I.11) (C’p?f)o'f’lg(k_)o'“4
CCn ko

With the energy confinement time according to eq. 12 one can find an
equation for the major radius that contains physics input parameters only

and the aspect ratio. First one gets from eqs. 4 and 9 together with eq. 1

=
-

I A )1/2

C
ot ol B B
TRy " Cp @ MAS T (13)

~

and after insertion of egs. 11 and 12 one obtains with eq. 1

; 2 1 2+ 1+v-2
C'F C-¢C C i
T f, 2- 8 . 725 -
o =(—‘1ﬁ; o b el manE;%‘Eg ) EM gy o (14)

Accordingly, one gets from eq. 8 an expression for the fusion power

(cc1 ?%i : ' g, 651-4u A, 14+v-)
”%Tﬁmﬂ e ) (g

o]

515)

An important measure of the nuclear and heat load on the first wall is the

average neutron wall load defined as

2
ko 1172 F3o
2 F3 2

A
6= Ly = (
;? Ao 1+k

(16)

Written in terms of the same quantities as p and n, it becomes

2 2-3A-4y 14+3v=-3A+p
m' MZU 1, :r—- 1+k C = A F
¢ = Llgrps )’ Zom “(-—z) (m&tn%g"-) o
f (17)
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Equations 14, 15 and 17 all show essentially three groups of parameters
that determine the reaétor characteristics. The first group comprises the
ignition margin and M together with three profile-dependent factors, the
second contains all quantities that determine the product of the plasma
current and aspect ratio, and the third the aspect ratio and, in the case of
the neutron wall load, geometry factors that determine the plasma-wall
distance. All three groups of parameters show exponents that depend on the
confinement scaling, which clearly demonstrates the importance of this
aspect. In the first group the plasma elongation - in addition to being

contained in M - appears in the equations for n and §.

It does not appear practical and useful to sort out isolated functions of
parameters that are contained in more than one parameter group, since the
groups are so clearly related to the ignition margin and beta, to the
Murakami limit and the Troyon factor, and to the aspect ratio and geometry
factors. The principal impact of each group of parameters can be seen from
eqgs. 14, 15 and 17. Consistent parameter sets, however, can only be derived
by iteration which essentially has to ensure that egq. 14 is in accordance
with the radial build-up consisting of the engineerihg components, and that

the toroidal field on axis agrees with that defined by eq. 1.

The absolute ignition margins can be derived from the relative ones defined
in eq. 11 by relating the latter to the ratio of the confinement time
quoted for the reference case to the confinement time calculated by using
the respective scaling with the reference parameters. This ratio mjq
contains only the confinement times mentioned since 6bviously the other

quantities involved cancel. Using eqs. 1, 2, 6, 9 and 11, one obtains

Pea ol K PE A 6

CCC: (1)
M. = 10 £-cp vo Ao Te
et By ms o p2 M 5 e (18)

Appendix I describes the general form taken by tg/Tgg. The Mj formulae are
given below for the confinement scalings used in this work: ASDEX H-mode,
Mirnov, Kaye-Goldston and Goldston scaling. For the latter two both
alternative equations are given, the first one assuming P = P,, the second

assuming P = W¢p/1E.
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ASDEX H-mode scaling: with mj, = 0.413 (reference case INTOR IIA-1)

rR
CeC Gl 1)
M e 00 )
iAX > (19

Mo Mo

3

Mirnov scaling: with mj, = 0.930 (reference case INTOR IIA-1)

2 . K 0.5 1 3 A .2
R AR ST L
f7 °p k0 I0 AO
M. = (20)
iMy m. M ,
jo' P

Kaye-Goldston scaling (P = P,): with mjo = 1.273 (ref. case INTOR IIA-1)
0.42 C, 0.26 151 15851 Avsdadil

1% 107 it 39280008
' ) Ve () T ) f
f
- cp P g, I A, H
i (21)
0.26,k ,0.30 ,,0.01 0.69 2
mioi} (Eg) M 0]

Kaye-Goldston scaling (P = Win/1tg): (see eq. 21)

2.381
}

Mikg(P = Wen/Te) = Migg(P = Py) ; (212)

Goldston scaling (P = P,): with mjo = 1.504 (ref. case INTOR IIA-1)

0.50 | A L.1.37
G im0t bp T3 Like-oiis o
M. = 0 0 “H
iG 0.12 2 (22)
Mio P ?

Goldston scaling (P = Wy /1g): (see eq. 22)

2
M. (P = W, /1c) = {M:n(P = P )}°.
iKG th’ TE i6 a —

It can be shown that there is a general relation

I}
o
~

M.(P =W, /1) = (M. (P
1( th E) { 1 (22b)
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for scalings that imply degradation due to the heating power. For a7 see
Appendix I.

fy is the assumed enhancement factor to account for H-mode operation while
using confinement scaling relations derived from L-mode results. In this

work fy = 2 is used unless stated otherwise.

2. Engineering part of simplified rescaling

Taking the central solenoid flux swing as proportional to the required
plasma flux and assuming the latter to be proportional to the product of
the plasma current and major radius, one can write the composition of the

major radius in terms of engineering components and the plasma current as

follows:
1/2
T (—p)
22 (10)2% i K 5 e I§5+ fa
0 I ‘Ro T0H+TTF R0 0 3 ° (23)

The radial build of the toroidal field coils is assumed to increase as the
ampere-turns required, the blanket/shield thickness is taken to be constant
(which means that it has to be adjusted according to the neutron flux
envisaged) and the horizontal minor vessel radius is assumed to be
proportional to the horizontal minor plasma radius. Equation 23 can be
rewritten by using dimensionless geomefry factors that are characteristic

of the degree of advancement in engineering of a particular design:

>

- Ii.41/2 I.:c1f2 0
pei Ferdiny 12 geppeagd W W20 pgeyr oply ¥F 0525
AT, 18 10) g} + (FpoFy) + F3 g (o1

Here the four components represent the central solenoid radius, the
toroidal magnet build, the blanket/shield thickness and the horizontal
minor vessel radius. For practical reasons the relation is used in the

following form:

-F, G2 uF, o F %o o with F iy
el R 3% P 4" FaFg (25)

For any design a comparison between eqs. 23 und 24 provides the relation

between dimensions and geometry factors, as shown in Table I.1.
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Table I.1 Relationships between geometry factors and radial dimensions
T = K (E— 0)1/2 R Central solenoid outer radius
OH 1A I0 (]
Top = {F IB(I p) 142 +F4} R Radial thickness of toroidal field inner leg
TBS = (F2 - Fa) R, blanket shield thickness
R =F, =R inner horizontal vessel radius
v 3 aO o
e I8 Ton
1A~ I 1/2
(‘i— p) Ro
o
F
- _ 1,1/2
Fiy = By wiE, = %@ +§;)
T i T
TF 1 . 1/2 _ TF I 1/2 2 TF 1/2 _ 1/2
5 8 .0 o o R
1B I 2 s
2{(— % -1)
F
_ S1.1/2
FIB—F{(1+F) 1}
4
T
BS
Fp = *H
o
RV
Eg = afa_ R
2
o B
4 F - F
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As already mentioned, one condition for consistency is that eqs. 25 and 14

be equal. The second consistency requirement derives from

I 172 )
Ei(r p)ics# K
%— 1T, B

5 26)
0 (Flo * qu) P Brnaxo ’ (

which should be equal to B/B0 from eq. 1.

The iteration procedure which yields consistent values of p, A/AO and B/B
on the basis of the physics and engineering input is described below.
Equation 24 can be written in such a form as to show better the impact of
engineering and physics input parameter groups when eqs. 7 and 26 are

inserted. Equation 27 is used further in Section 3:

©
I

{F -F4{ (1+—)1/2 1}}{F(param.)}
4

P
1+{ (1+—
F

+

1)1/2
4

Fq{ 1H.F(param.)}} +(Fy-Fy)

CnC.-g ?
Fa —{F(param.)}
.m&Cp 90

+

(27)
1 m‘n?)C(F +F4O) B 9p.2 A

with F(param.) = —{ MAXO ()% s

Ak
Fy CC M B, 9 A

The iteration procedure for obtaining a consistent design parameter set is

as follows:

- Select the input data as listed in Table 4-1

- Calculate p from eqs. 14, 7, and 1 with B/B, = 1 as an initial
assumption. Iterate by varying my until the results of eqs. 1 and 26
(rewritten for B/By) conincide. The iteration may be carried out for
fixed Y3, or both Y3 and m¥ may be varied by iterating for a third
quantity, e.g. the neutron wall load. The results are nd, ¢, A/Ag,
B/By, mj and p.

- Calculate I/I, from eq. 7, n and & from eqs. 8 and 16, B/Bo from eq. 2,
the ignition margins from eqs. 19 through 22a, etec.
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From the above it is clear that all equations shown are meant for iterated
design parameter sets. Any changes to one or more of the input assumptions
will produce a general change in the entire configuration. Attempts at
showing typical dependences have been made in /1/ through /5/.

The simplified rescaling approach can help towards an understanding of the
cumulative impact of alternative choices of input parameters on the

performance data of a design point.

3. Some relations for comparing existing design parameter sets and for
determining essential next-step design parameters from given input.
According to eqgs. 1, 7 and 8 the product of the fusion power and major

radius can be written as

C
_ P 2k 28
ne = Cg (m%-ﬁg Conys)” & (28)
C. 1 g q 1+k2 Cy Bor A
ith C -0t ¢ 22— —F Smigae L (29)
Wl - - .
phys Cn G 3 9 1+k2 Cn BDT A

Like all constituents of eq. 28, Cphys consists of physiecs input parameters

only. On the other hand, it can also be shown that

a B (30)
C da

phys = a, B, °
Hence the physics input parameters as combined in Cphys determine the
product of the minor plasma radius and the toroidal field on axis. One can

also use CthS to rewrite eq. 27 in the following form:

C
2
p=C, Cot(F-F, )+ —29_ (C. C,-F,)
phys'™B ‘' 2 "4 CphysCB phys“B 4’ , (31)
A Bmaxo (32)
ith C, = _POAY 32
MV g (Fio* Fao)

0 max
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q 1+k2
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B q 1+k§ 99 (34)

The three constituents of p are the radial build-up of the magnets up to
the radius with the maximum toroidal field, the blanket/shield thickness

and the horizontal minor vessel radius (see also eqs. 23 through 27).

Cphys*Cy determines the first constituent, and hence the physics input and
the configuration as characterized by the aspect ratio and the maximum
toroidal field are essential here. The second constituent is essentially
determined by nuclear engineering considerations. The minor vessel radius

involves all physics (except Cp) @nd all engineering (except Fp) input
parameters. The following further relationscan be shown to hold:

B
Cohvelp = P (35)
phys B Bmax )
C __ﬁ_\_Bo (36)
8~ Ay Bmax ’
1A

C...CB =T -

phys Loho (37)

Equations 35 and 36 are related to the toroidal field utilization, and

Cphys*cg turns out to represent the product of the plasma current and
aspect ratio, which occurs as an important quantity in the equations for
the g-condition, the Troyon B-scaling, the density limit, the overall
outlay, the major radius, the fusion power, the neutron wall load and the
ignition margin for all confinement scalings considered (see egs. 1, 2, T,
8, 13 through 16, 18 through 22a).
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A1l of the above equations require iterative determination of a consistent

value of the aspect ratio, except eq. 8, which determines np.

In order to predict also the major radius and the ignition margin for a
next-step reactor that has to demonstrate operation of a burning plasma
with reactor-relevant specific data, one can specify the fuel beta as an
important design value which impacts on the compactness of the reactor

plasma.

If Bpr/BpTo is prescribed, for a given set of physics input parameters the

plasma aspect ratio is fixed, as can be seen by rewriting egs. 2 and b6:

B
2 DTo DTo
Yo M aet = C S C
0 E’DT % B BDT

B

(38)

Together with eqs. 7 and 8 one can now determine the plasma current:

I goqumefo geloiugh o 9002, 00
IO ka 'y .M/ g BDT ' (39)
. (0]
The pertaining version of eq. 7 is
1 1/2
Z*Epz(%g_k_g)/“(%)/_g_. (40)
n ; 8 0

Using eqs. 27, 38 and 40, one can establish a condition for the geometry
factor F1 with the other engineering and the physiecs input parameters
except md given, which directly defines a consistent configuration for a

prescribed fuel beta and a given product np:

1/2 Bt 1/2

il : g ¢, —=-F Fo 3F )

(ﬂg F3) (CphysCB Fyq) (C g, B Bpr 3) ( Fg 4
F, = 9 173 172
1 .ok IY2 172 ko 178

(+ 1) (ConysCptFo-Fa) T sie 10 i F. +F, - F

T, A phys“B™ 27" 4 (t?k) (t) (Fg+Fy

(41)
- k 1/4 1/2 BDTo Bmaxo
with Fg = CphysCB Tl %2 =2 (C-%— Ca) Ty L T Fao).
f ok 0 BpT  Bmax

(42)
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In general, a set of arbitrary input assumptions may not immediately lead
to a satisfactory consistent value of Fq according to eq. 41 (e.g.

F1 = 0.35 would be close to a lower limit for inductive current drive). In
that case iterative adjustment can take place, where variations in ;
BpT/BDTo» 8/80s C» K/kg, Bmax/Bmax,, q/qo have the strongest impact.
Additional adjustment may be obtained by changes in Fp and Fy (F3 being
almost fixed at 0.24 - 0.25). The sensitivity to changes of np and Cr is
rather low. |

Since one also has

= y
F5 CphysCB ’ 43)

eq. 41 can be written accordingly. With egs. 31 through 34 one obtains

4 5 ; 4
p = (ConysCs + F2 = Fa) * Fg (44)

_ A/A, .
with Fe = AT (A/A, from eq. 38). (45)

Assuming 0.8 < A/A, £ 1 and 0.24 < F3 £ 0.25, one has 123 SLF6 7 S, U6,
which is 1.39 #5%.

Hence, CphysCp constitutes the important quantity for determining the major
radius, with the inner blanket/shield thickness (Fp - Fy) also having a
notable impact. In existing design parameter sets one observes a clear
tendency to adjust (Fo> - Fy) to the respective value of CphysCp in order to
preserve reasonable toroidal field utilization and reduce size/outlay. This

means that the major radius can be approximately written as

= . 46
p=Fy Cphys , (46)
where F7 involves Fg and the (approximately constant) ratio between the
relative shield thickness and CppysCg. Taking the design points as of

Table 2-1, one obtains on the average Fj =~ 0.9. Taking, however, only




INTOR IIA-2, NET-DN, FER and "S", which comply with INTOR-like design
parameters, one gets almost exactly F7 = 0.95 for all of them.
This practical observation provides a possibility to tackle also the

ignition margin as of eqs. 19 through 22a in the same manner as np and p

s0 as to show the principal and essential dependences.

Using eqs. 1, 3, 11, 28, 37 and 46, one can get the following form for the

ignition margin:

2"A - )\_1
I b el (A_)1+\)—A
i® I gk R :
m1-0 %'k—o 0 (]'I’T)

Hence, generally the ignition margin tends to increase with the fusion
power divided by some function of the major radius for any given set of
physics input parameters and confinement scaling with a tendency to
decrease with decreasing aspect ratio (which occurs for increased device
size) and with decreasing F7 (see eq. 46). Depending on F;, there may be
an increase in ignition margin even for decreasing Troyon factor and
elongation. While for ASDEX H-mode and Mirnov scaling Mj depends on n/p
(both havern = u = 1) and hence an increase in device size would notably
increase the ignition margin, for Goldston and Kaye-Goldston scaling
(scalings that imply confinement degradation due to the heating power) the
ignition margin increases only slightly for larger device size. For
Goldston scaling Mj depends on n/p2+12 (with A = -1.0 and u = 1.88 for

P = P,), while for Kaye-Goldston scaling Mj depends on n/p2+34 (with

A =-0.65and u = 1.31 for P = Pa). Therefore, if one of the confinement
scalings with degradation due to the heating power is confirmed, the
attainment of ignited tokamak operation may remain marginal over quite some
range in a device size between an INTOR-like "minimum size" step and a
DEMO-1ike reactor for which the ignition margin may still be about 1.5
only.
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Appendix I

T
E I
Reduction of the confinement scaling equation to the form,;E' = FT (T;) P
0
In a relative form the confinement scalings usually represented in a power
product form involving the essential quantities characterizing a tokamak

configuration can be written as

T n o, a 0‘.2k O3 Oy CtsB Og P 0'.71 Og . O9 A_‘ Q16 ZEff 011
£ ) ) ) () S ) ) (D)
TEo (neo) (ao) (E;) i (qo) (Bo Po Io TKE; Zeffo

As regards the heating power, which can imply confinement degradation (as
sometimes observed experimentally), two alternatives are considered. The
first takes the alpha power as the heating power. In that case, the excess
alpha power would be diverted for ignition margihs larger than 1, but its
magnitude would still affect the confinement time. The second alternative
takes the loss power (= Wyp/tg, if radiation losses are neglected) as a
measure of the degrading heating power, and the excess alpha power would
again be diverted for ignition margins larger than 1. Obviously, both
definitions have the same result for Mj = 1. The second definition yields
larger values for Mj > 1 and lower values for Mj < 1.

The relations for both definitions are given below.

Taking P = Py,one gets with eq. 8 of Annex I

P c2 I A 41k
= Ce () ) .
P0 f ‘M Ivo o ko (1.2)

Taking P = Wg¢p/1g, one gets with egs. 1 and 2 of Annex I
P n TEo 3 A 1

2 k
= e ==0 5 (_11) -
Po Mo e A 0

_1_(;_02 f__p fL.f.ng
b o Ao k0 M e (1.3)
After insertion of these definitions into eq. I.1 one gets the respective

relations for F., A, u and v:
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a7 Cay (a;+2a) (ag-a;) k (asta;) q as g ag =(o+ag+2ay) A, ayo Z o1
Fo=Ce (gD € () ) (@M ) (5,
p 0 9% 9 io effo
(1.4)
A= 2ay + ag + Yag7 + ag (1.5)
W= -2a1 + ap + ay - G - aT (1.6)
v = 3a7 - ap + 2ag + ldag (E=T)
B CnC 0’.1&‘((19‘0‘,1) k (0‘.3"‘0".7) q as goas '(C£1+0'.5+C¢7) :(17 A'I Oy Zeffall (—1}_0‘—7)
Fo={(¢) (7 ) G M G i) ) |
p 0 0 effo
(1.8)
A = (201 + ag + 2a7 + ag)/(1 + a7) (L9
W= (=209 + az + ay - ag * a7)/(1 + ag) (I.10)
v = (301 - a2 + 2a6 + a7)/(1 + af) (I.11)

Equations I.4 through I.7 refer to relation I.2 whereas according to
relation I.3 one obtains eqs. I.8 through I.11.
The exponents used for the different confinement scalings are given below

(exponents not mentioned are zero).

ASDEX H-mode scaling: ay =1, ag =1

Mirnov scaling: a2 = 1, ag =0.5, ag = 1

Kaye-Goldston scaling: a1 = 0.26, ap = -0.49, a3 = 0.28, ay = 1.65,
ag = -0.09, a7 = -0.58, ag = 1.24

Goldston scaling: ap = -0.37, a3z = 0.50, ay = 1.75, a7 = -0.50,

L}

ag 1.
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Appendix II

Ignition margins calculated according to different scalings

Recalculating the ignition margins for the design parameter sets as of
Table 2-1 using egs. 19, 20 and 21a, one finds that the resulting values

come rather close to the results of code calculations presented in /3/.

Table II.1 lists the calculated ignition margins for the above design
parameter sets for all definitions of the ignition margin as described by
eqs. 19 through 22a with the enhancement factors indicated. fy = 2.2 refers
to JET results using Goldston scaling. It can be seen that none of the
INTOR-1ike designs as of Table 2-1 would ignite with Kaye-Goldston scaling
and an enhancement factor lower than 2, and that only "S" would ignite with

Goldston scaling and an enhancement factor of 2.2.
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Appendix III

List of symbols
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(relative quantities with INTOR IIA-1 as the reference case)

n

)

p/
a/a
A/AY
ke
B/B,

Bmax/Bmaxo
BpT/BDTO
B/8,

Bpo1/Bpolo
m

Ng/Negg
n/ng
npT/NpTo
TR/ TEo
V/V,
g/8¢g
q/qq
k/Kq

S

DTo

._._.___l( )
V/V0 B

. (_
DT B

Cn = ne'nDTo/neo'nDT

Y = nppTp/npp Tpyt ¥

Mjax,» MiMv, Mikg. Mig

Fi, F2, F3, Fy

fusion power

neutron wall load (average)
major radius

minor radius

aspect ratio

plasma current

toroidal field on axis

max. tor. field at coil inner bore
useful fuel beta

total beta

poloidal beta

Murakami parameter

electron density

plasma density

fuel ion density

energy confinement time
plasma volume

Troyon factor

current-q (safety factor)
elongation

plasma temperature (<Tj>=<Tg>)

fusion power density

electron density/ion density

useful beta/total beta

profile factor

profile factor

performance parameter

ignition margins (assuming ignition
margin of INTOR IIA-1 to be unity)
for ASDEX H-mode, Mirnov, Kaye-
Goldston and Goldston scalings

geometry factors, see Sec. 2 of Annex I.
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Appendix IV

Evaluation of some engineering design constraints

1. Central solenoid
Within the accuracy to be expected from simplified rescaling procedures

the quantity

Fasa? LA )2 . 0.0957
o = T T © 32
F—) 1A
OHo

gives a clear indication whether the given central solenoid dimensions
will imply a large maximum poloidal field and/or noninductive current

drive for a certain burn pulse length.

2. TF coils
On the basis of the reference values for INTOR IIA-1 the relations for
the average tensile stress and the average current density over the

entire inner leg coil cross section can be written as

2 R2+TTF/2 R2 R2—R T 2 T

. 1 TF 1 1 "OH
= 2 { In— - + ( ) (Gt 5}

g (Bmax)2 ! (TOH/RI) RZ TOH Rl R2 TOH RI 4 8 TTF
Oo maxo 2.552
3 max Rl
= = «0.908 - (dimensions in m),
Jo Bnaxo Trp Tog*Trp/2)
with Ry = Tgy + TTf = inner TF coil leg radius

o
n
|

= R + Ry + 2¥Tgg = approximate outer TF coil leg radius
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APPENDIX V List of the values calculated (examples)

MIRNOV SKALIERUNG — ACCESSIBILITY CHARTS INTOR ITIA-2

EINGABEDATEN

GT = 1.4785 THETA= 1.0000 C = 1.1430 BMBMO= 0.9910 EE0 = 1.0000 QQ0 = 0.8480 GGO = 0.7000
CN = 1.0000 CP = 0.8470 CF = 1.0000 F1 = 0.4030 F2 = 0.2410 F3 = 0.2640 F4 = 0.0620
AUSGABEDATEN RELATIV

EM = 1.6846 TM = 0.8255 TMX = 1.1140 DEL = 1.0753 RHO = 0.9424 AAQ = 0.9429

BBO = 1.0006 X = 1.0000 SSO = 1.2507 ETA = 0.9447 BETA = 0.8755 DBET = 0.7999

BPBPO= 0.5597 AKAKO= 0.9994 BKBKO= 0.9994 COST = 1.0154 MK = 1.1140 MI__ = 1.4314

MIKG = 1.4303 MIJG = 0.7804 MIGH = 3.9244 MIAX = 3.2703 MIMV = 1.5391 TETEO= 1.2500

SICMA= 1.0080 JJO = 1.1554 NNDTO= 1.1828 NENEO= 1.1828 ETARO= 0.8903 BBDTO= 1.0007

AUSGABEDATEN ABSOLUT

R = 4.995A = 4.164 B 503 S = 8.004P = 585.7PW = 1.398BET = 4.903E = 1,800

= 5
G = 4.042Q = 1.762 TS = 0.949 TOH = 1.699 TTF = 0.949 AKN = 1.398 PR = 0.000 FOH = 1.089
Rl = 2.647 R2 = B8.290 AK = 1.199 QS = 2.377 BTUDA= 5.729 BBERN= 6.970 BKINK= 3.827 BYAMA= 5.135
GIN= 1.213 TE = 1.162 SOL = 0.199 NE = 0.215E+21 NDT= 0.166E+21

MIRNOV SKALIERUNG — ACCESSIBILITY CHARTS NET-DN

£ INGABEDATEN

GT = 1.0944 THETA= 1.0000 C = 1.0240 BMBMO= 0.9970 EEO = 1.2810 QQ0 = 1.0200 GGO = 0.6060
CN = 1.0000 CP = 0.9100 CF = 0.9230 F1 = 0.3370 F2 = 0.2550 F3 = 0.2580 F4 = 0.0360
8880 TX = 0.9992 DEL = 0.8646 RHO =
1
3

.9775 AA0 = 0.8697
.9980 DBET = 1.3989
.9992 MI_ = 1.7154
.8444 TETEOC= 2.1434
.0231 BBDTO= 1.0220

AUSGABEDATEN RELATIV

EM = 2.3635 TM

BBO = 0.9102 X .0000 SSO = 1.6849 ETA = 1.0467 BETA =
.1240 BKBKO= 1.4398 COST = 1.2305 MK =
.8334 MIGH = 3.8325 MIAX = 3.1937 MIMV =

BPBPO= 0.5376 AKAK
MIKG = 1.3320 MIJG
.4471 NNDTO= 0.9304 NENEO= 0.9304 ETARO=

SIGMA= 1.3281 JJO
AUSGABEDATEN ABSOLUT

I I?I [}
=0==0
=000 O=

R = 5181 A = 3.841 B = 5.006S =10.783P = 649.0 PW = 1.124 BET = 5.589 E = 2.050
G = 3.500Q = 2.120 TS = 1.161 TOH = 1.749 TTF = 0.734 AKW = 1.537 PR_= 0.000 FOH = 1.448
Ri = 2483 R2 = 9.039 AK = 1.349 QS = 3.318 BTUDA= 7.971 BBERN= 8.506 BKINK= 5.131 BYAMA= 6.473
GIN = 1.597 TE = 1.993 SOL = 0.188 NE = 0.169E+21 NDT= 0.130E+21 :

MIRNOV SKALIERUNG — ACCESSIBILITY CHARTS FER

EINGABEDATEN

1.0630 QQO 0.8740 GGO = 0.6060
0.2360 F3 = 0.2620 F4 = 0.0790

GT = 1.3062 THETA= 1.2000 C = 1.1100 BMBMO= 0.9090 EEO
CN =0.9150 CP = 0.8320CF = 1.2490 F1 = 0.3040 F2
AUSGABEDATEN RELATIV

EM = 2.0645 TM = 0.6626 TMX = 0.8088 DEL = 0.7816 RHO = 0.8338 AAO_ = 0.7996
BBO = 0. 8381 X = 1.0000 SSO = 1.3674 ETA = 0.6578 BETA = 0.9482 DBET = 0.9946
BPBPO= 0.4235 AKAKO= 1.0427 BKBKO= 1.1084 COST = 0.8717 MK = 0.6740 MI __ = 1.5067
MIKG = 1.0625 MIJG = (:.'I .7203 MIGH = 3.3978 MIAX = 2.8315 MIMV = 1.6201 TETEC= 1.4700

SIGMA= 0.8125 JJO =
AUSGABEDATEN ABSOLUT

1118 NNDTO= 0.7404 NENEO= 0.6775 ETARO= 0.5485 BBDTO= 1.0525

R = 4.419 A = 3.532B = 4.610S = 8.751 P = 407.9P¥ = 1.016 BET= 5.310E = 1.701
G = 3.500Q = 1.816 TS = 0.832 TOH = 1.183 TTF = 0.956 AKN = 1.448 PR = 0.000 FOH = 2.191
Rl = 2.139 R2 = 7.531 AK = 1.251 QS = 2.548 BTUDA= 7.224 BBERN= 8.989 BKINK= 4.810 BYAMA= 6.365
GIN= 1.517 TE = 1.367 SOL = 0.197 NE = 0.123E+21 NDT= 0.104E+21

MIRNOV SKALIERUNG — ACCESSIBILITY CHARTS TIBER II

EINGABEDATEN

GT = 1.4585 THETA= 1.9400 C = (0.8880 BMBMO= 1.0190 EEO = 1.5000 QQ0 = 1.0370 GGO = 0.4790

CN =1.0230CP =0.8770 CF = 1.3280 F1 = 0.2720 F2 = 0.1370 F3 = 0.2510 F4 = 0.0390
AUSGABEDATEN RELATIV

EM = 3.8228 TM = 0.6118 TMX = 0.6338 DEL = 1.0592 RHO = 0.5658 AAO0_ = 0.8193

BBO = 1.0102 X = 1.0000 SSO = 1.5590 ETA = 0.5057 BETA = 1.0705 DBET = 2.0973

BPBPO= 0.4070 AKAKO= 0.6905 BKBKO= 1.0358 COST = 0.6295 MK = 0.3267 MI __ = 1.5084

MIKG = 1.1356 MIJG = 0.7476 MIGH = 2.9342 MIAX = 2.4451 MIMV = 1.6219 TETEC= 1.3185

SIGMA= 1.0770 JJO = 2.0113 NNDTO= 0.5702 NENEO= 0.5833 ETARO= 0.2861 BBDTO= 0.9506

AUSGABEDATEN ABSOLUT

R = 2.999 A = 3.619B = 5556 S = 9.978P = 313.6 PW = 1.377 BET = 5.995 E = 2.400
G = 2.766Q = 2.155 TS = 0.519 TOH = 1.000 TTF = 0.561 AKW = o 919 PR = 0.000 FOH = 2.373
R1 = 1.561 R2 = 4.956 AK = 0.829 QS = 3.750 BTUDA=10.704 BBERN=10.908 BKINK= 6.873 BYAMA= 8.234
GIN = 2.167 TE = 1.226 SOL = 0.090 NE = 0.106E+21 NDT= 0.798E+20

MIRNOV SKALIERUNG — ACCESSIBILITY CHARTS OTR

EINGABEDATEN

GT = 1.2080 THETA- 0.8000 C = 1.1540 BMBMO= 0.9830 EE0 = 0.9380 QQ0 = 1.0140 GGO = 0.6030

CN = 0.9230 = 0.9170 CF = 0.8590 F1 = 0.4760 F2 = 0.2690 F3 = 0.2720 F4 = 0.0900
AUSGABEDATEN RELATIV

EM = 1.4942 TM = 0.7161 TMX = 0.8318 DEL = 0.5896 RHO = 1.1885 AAO = 0.9514

BBO = 1.0551 X = 1.0000 S50 = 1.2481 ETA = 0.8042 BETA = 0.5710 DBET = 0.4960

BPBPO= 0.5818 AKAKO= 1.2492 BKBKO= 1.1717 COST = 1.2424 MK = 1.0397 MI__ = 1.0981

MIKG = 0.9391 MIJG = 0.6598 MIGH = 3.1368 MIAX = 2.6140 MIMV = 1.1807 TETEO= 1.5100

SIGMA= 0.8656 JJO = 0.8150 NNDTO= 1.0000 NENEO= 0.9230 ETARO= 0.9558 BBDTO= 0.6590

AUSGABEDATEN ABSOLUT

R = 6.299 A = 4.202B = 5.803S = 7.988P = 498.6 PN = 0.766 BET = 3.198E = 1.501
G = 3482 Q = 2.107 TS = 0.949 TOH = 2.197 TTF = 1.353 AKN = 1.801 PR = 0.000 FOH = 0.827
Ri = 3.550 R2 = 9.997 AK = 1.499 QS = 2.912 BTUDA= 4.318 BBERN= 5.241 BKINK= 2.695 BYAMA= 3.989
GIN = 0.918 TE = 1.404 SOL = 0.302 NE = 0.168E+21 NDT= 0.140E+21

MIRNOV SKALIERUNG — ACCESSIBILITY CHARTS g

EINGABEDATEN

GT = 1.9494 THETA= 1.0000 C = 1.1300 BMBMO= 0.9500 EEO = 1.3000 QQ0 = 1.0000 GGO = 0.5500

CN = 0.9230 CP = 0.9000 CF = 0.8970 F1 = 0.3800 F2 = 0.2400 F3 = 0.2500 F4 = 0.0600
AUSGABEDATEN RELATIV

EM = 2.7203 TM = 0.8256 TMX = 0.9568 DEL = 1.0179 RHO = 0.9597 AAO_ = 0.9516

BBO = 0.9947 X = 1.0001 SSO = 1.5776 ETA = 1.0646 BETA = 0.8648 DBET = 0.8363

BPEPO= 0.5234 AKAKO= 1.0086 BKBKO= 1.3112 COST = 1.1638 MK = 0.9568 MI = 1.7783

MIKG = 1.8839 MIJG = 1.1113 MIGH = 4.3154 MIAX = 3.5962 MIMV = 1.9121 TETEO= 1.8142

SIGMA= 0.8956 JJO = 1.0618 NNDTO= 1.0744 NENEO= 0.9917 ETARO= 1.0217 BBDTO= 0.9772

AUSGABEDATEN ABSOLUT

R = 5.087 4.203 B 5.471 S 10.096 P = 660.1 PN = 1.323 BET = 4,843 E = 2.080

G = J3.176 Q = 2. = 0.954 TOH = 1.810 TTF = 0.986 AKW = 1.336 PR = 0.000 FOH = 1.243
Rl = 2.796 R2 = 8.331 AK = 1.210 QS = 3.228 BTUDA= 7.647 BBERN= 7.872 BKINK= 4.982 BYAMA= 6.126
GIN= 1.525 TE = 1.687 SOL = 0.126 NE = 0.180E+21 NDT= 0.150E+21
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