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On the basis of a simplified rescaling procedure with INTOR, as of Phase IIA
Part 1, serving as reference case, alternative design points are discussed
that take into account more recent findings on B-limits, density limits and
possible extrapolations with respect to plasma elongation. Two tentative
scalings for the energy confinement time as derived from ASDEX results and
by Goldston are applied to find minimum size INTOR alternatives, which, of
course, could be quite different for the two scalings. Large plasma
elongation is needed for getting close to the original outlay for INTOR. The
density 1imit according to some possible scalings requires some adjustment
of the plasma temperature to above 10 keV. The neutron wall load, being the
important parameter with respect to the INTOR test programme, can be
practically kept at the reference level. For ASDEX confinement scaling this
requires that an ignition margin of about 2 be adhered to. A sensitivity
study on the impact of individual modifications in input assumptions of the
order of 10% shows that only a limited range of such alternatives remains
acceptable.
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1. Introduction

In an earlier report /1/ simplified rescaling relations were derived that
could serve for sensitivity studies investigating the impact of input
assumptions on tokamak reactor designs, specifically on possible INTOR
alternatives. Such studies are readily done in a relative representation of
all quantities, with a consistent reactor design point serving as reference
case. For the INTOR- oriented studies the INTOR version as of Phase IIA
part 1 /2/ is used as this reference.

This report extends the work in /1/ by including preliminary results on
energy confinement and density lTimits and establishing a picture of INTOR
alternatives that could be selected on the basis of existing knowledge. It
is written as a contribution to the present INTOR Phase IIA part 3 workshop
activities (see /3/).

2. Rescaling procedure

Rescaling from a consistent reactor design point saves manifold detailed
repetition of design oriented evaluations and can help towards an easier
understanding of the impact of modifications in the physics and engineering
input assumptions. INTOR as of Phase IIA part 1 is a consistent tokamak test
reactor design point based on a documented mission definition. Its operation
data and scenario are well defined on the basis of the actual or - if
necessary - somewhat extrapolated state of the art in plasma physics and
technology. As time goes on, that state of the art develops and consequently
has to be continually incorporated. The consequences are clearly seen in
comparison with the reference case. A1l quantities therefore are shown in
relative terms, i.e. in relation to their value in the reference case (INTOR
Phase IIA part 1).

Figure 1 shows a simple picture of the radial build of a tokamak reactor, as
will be used for the rescaling calculations. E, F, G and H are geometry
factors that describe the most essential constituents of the radial build
and their engineering and nuclear design in relation to the reference. For
any alternative design these constituents can be rescaled.



According to Figure 1 one gets for the major plasma radius (composed of the
central solenoid radius, the toroidal field coil thickness, the inner
blanket/shield thickness and the inner vessel minor radius)
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This formulation represents the radial build in an approximate manner on the
assumption of an appropriate adjustment of the flux density swing AB/AB,
in the central solenoid for full inductive current drive. The blanket/shield
thickness is kept constant for each set of geometry factors, which is
justified in a narrow range around a certain wall loading.

The two geometry conditions (2) and (3) to be fulfilled are mainly related
to the engineering design of the magnets and their structure and to the
design of the inner shield/blanket portion, the inner plasma-wall distance
being contained in G:
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with Ey, Ho as defined for the reference case.

For the plasma current one has the equation
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and a Murakami-Hugill definition of the density Timit (units: 1020 m-3, T,
MA, m) (where it is assumed that the relative boundary-q is equal to the
relative current-q),

(6)

it is possible to derive a relation for the plasma current to be used in
eqs. (2) and (3):
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Instead of the Murakami density 1imit other density 1imit definitions have
been proposed which, however, in their relation to B/Bg, p and q/qy are still
Murakami-1like. These can be introduced by replacing m correspondingly for a

given n/ng:
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In order to meet the density limit, m, m', m" will have to take the values
m*, m'*, m"* respectively based on the data of the reference design.

For the poloidal beta one has
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For evaluating the power-related quantities one has to distinguish between
the useful density npy/npTo and the total density n/ng. This is done by
defining
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C depends somewhat on the plasma temperature. For the relative fusion power
one gets

(13}
C¢ accounts for profile dependent deviations from the reference fusion power

density. In this study C¢ = 1 is used.

Using eqs. (4), (5), (7), (8) and (9), one gets
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For the relative average neutron wall loading one obtains
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Eq. (14) indicates the relative outlay of a tokamak reactor (power times
major radius) to be entirely dependent on the plasma-related quantities md,
C, /a9, 9/9¢ and k/kg. These determine the parameters 1/I1y, o, B/Bg and
A/Ag of the so-called electromagnetic configuration and the power related
quantities n and 8. This configuration can be evaluated by an iterative
calculation from eqgs. (2), (3), (4) and (7). So far all relations are
independent of the energy confinement scaling.

To determine an INTOR-1ike reactor design point, a further condition is
necessary, namely that the performance parameter'vﬂhave a certain level,
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That level is prescribed by the necessity of achieving a certain ignition
margin. Putting that ignition margin in a simplified form yields with eq.
(13)
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Because of egs. (16) and (6) - or (8) or (9) - the required v? has an impact
on the choice of m? (within the boundaries set by the density limit).

At this point the scaling of the energy confinement time is important. Many
attempts have been made in the past to derive the dependence of the energy
confinement time on the characteristics of the respective plasmas in
different experimental devices. Up to now there has been no well-established



general form for such a scaling. There is even a question whether the
concept of an energy confinement time would have to be modified by
conditions on the plasma profiles which are not tackled in this study at all
(assuming similarity of the profiles with the ones in the reference case).

One can, however, show that mostTg-scalings known so far can be reduced to
the relative form (see Appendix I)
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when applying egs. (4), (5), (7), (12) and (17).
For example one has
for the ASDEX H-mode scaling FT,= : o A=1; p=1; v=0,
for the Goldston scaling /4/ Fia = M; X2 =0; p=1.76; v = -0.26,

where for the Tatter a continuous degradation of Tp with the heating power
P-0.5 and P/Pgy >>1 is assumed. These two scalings will be applied as
examples in this study in order to show the possible impact of different
scalings for Tg. The Goldston scaling as used here applies a larger
numerical factor for absolute Tp values, in agreement with /5/, and the
ASDEX H-mode scaling here does not contain an isotope effect.

Eq. (18) can now be used to complete the conditions for an iterative
evaluation of a consistent electromagnetic tokamak reactor configuration
(characterized by 1/1,, B/By, © and A/Ay on the basis of given g/g9q, 4/qp,
k/kog, C) mentioned above. Together with egs. (4), (5), (7) and (16) one
obtains

i (19)



which together with eqs. (2), (3), (4), (7) and (18) allows one to find, for
example,for a given minimum v% as required for ignition a consistent
minimum-size configuration under the input conditions selected. Eq. (19) can
be rewritten to include the impact of a specificTg-scaling:
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For the numerical execution of the iteration to find the configuration it is
expedient to use the following form of eq. (20) for faster convergence:
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The dependence of the reactor size on the ignition margin for a given Tp-
scaling is evident, but only after the configuration iteration.

It must be mentioned that, in order to calculate correctly the relative
quantities of any INTOR alternative, the reference confinement time Tp, has
to be evaluated for each Tg-scaling. If the result is a confinement time
less than that specified for the reference case, Yﬂ‘will accordingly have to
be increased above 1 for the rescaling to lead to the same ignition margin
as specified in the reference, and vice versa.

The scaling relations shown here are simplified ones. They were derived on
the assumption of a temperature-independent D-T fusion reaction rate
q,<gv>/(kT)2 which is approximately true in a temperature range 1 = %= 2
with 10 keV as the reference temperature. Hence any of the density limits as
described in eqs. (6), (8) or (9) can be accommodated - if necessary - by a
temperature increase within the range mentioned. Since C is somewhat
dependent on V (C decreases if increases), such an increase in temperature
will decrease the power density in a given configuration to some extent. As
can be seen, eq. (9) constitutes the most stringent density 1imit and hence
would require the largest temperature increase. C = 0.11 (2-%)+0.89 is used
here.



Once a certain electromagnetic configuration has been determined by using
certain input data, the question can be asked what the impact of input data
variations would be when that configuration is retained. This situation
would exist in reality for any device built on certain assumptions and
scalings that have hitherto been only approximately verified. The scalings
mentioned for B/8p, m, m', m" and tg/Tgy are all described in terms of the
characteristics of the electromagnetic configuration. Eq. (20) contains two
quantities
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consisting of input data that could be modified. If they are kept constant
while their constituents are varied in an appropriate way p remains
constant, and so also does A/Ao when the confinement scaling is maintained.
Note that the performance parameter and the ignition margin - see eqgs. (16)
and (17) - may change! In order to prove that the plasma current and the
toroidal field also remain the same the eqs. (4), (7), (16) and (18) are
combined. One finds - equivalent to eq. (20) -
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Hence the electromagnetic configuration in fact remains the same, if also
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This expression constitutes a further quantity which - if kept constant -
will leave the configuration essentially unchanged. It means for example
that an increase in the value of the current-q can be compensated by a
certain increase in elongation (provided that the plasma vessel provides

enough space, and that the increased power for position control is
available) and vice versa.

For the two confinement scalings considered here the conditions for keeping

the electromagnetic configuration constant (in addition to keeping E, F, G
and H constant) are
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A difference due to the different functions FT is, for example, that with
Goldston scaling a change in g/g, corresponds to a change in density at
constant temperature with the performance parameter remaining constant,
while with ASDEX scaling the performance parameter increases if g/g,
increases. Independently of the confinement scaling, a change in g/g,
implies a change in margin compared with the density 1imit. If the design
point always has to correspond to the respective density limit, a change in
g/gp implies different electromagnetic configurations, where an increase in
9/9y leads to somewhat larger size.

T



On the basis of the relations described above the rescaling procedure is as
follows:

- Select the input data: 9/dq, q/qg, k/ko, C(H), ¥, E, F, G, H, Bnax/Bmaxo

- According to the confinement scaling evaluate Tgy and select Yﬁ'to
achieve, for example, the same ignition margin as in the reference.

- Iteration: calculate p from eq. (20a) with B/Bgy = 1, F= 1 and m from eqs.
(6), (8) or (9) as starting data using eqs. (2), (3) and (7). Iterate by
varying m® until the results of eqs. (3) and (4) coincide. Note that for
cases where 1 + v - X # 0, a double iteration is necessary, as can be
understood from eq. (20a); results are A/Ag, mV, B/Bg, 0, A mi;
calculate 1/1, from eq. (7), n and & from eqs. (14) and (15), B/By from
eq. (5), Bpp1/Bpolo from eq.(1l), the alternative parameters for the
density limit according to the definitions of eq. (8a) and (9a).

Finally an adjustment of the plasma temperature can follow in order to
accommodate the respective density T1imit m*, m'* or m"* . If according to
the density 1imit scaling selected the reference density turns out to be
too large, ¢ has to be increased accordingly. Since C($) decreases with
increasing some power reduction will occur with the electromagnetic
configuration remaining constant. For mj = const. the configuration will
change somewhat with W

- If the electromagnetic configuration including k/k0 and the selected
confinement scaling is kept the operating range of any configuration can
generally be evaluated by changing g/go, Gy vV so that the quantities
(20b) and (20c) remain constant for a certain range of parameter
variation. For example, g/g0 could improve by cross section shaping, C by
impurity reduction and control, and Yﬁ‘by profile control; the ignition
margin will also change and 1imit the operating range.

- In a similar way the condition (23) shows a possibility of adjustment
within generally the same configuration; in practice, however, it may just
serve for compensation of a variation in g/qy by some variation in
elongation.
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The results can also be used for evaluating the overall outlay, e.g. by
means of relative estimated direct capital cost /6/ assuming similar design
configurations for all data sets considered.

3. Limitations with impact on accessible parameter range

Rescaling of INTOR - and of possible later steps in a similar way - must aim
at a minimum outlay/size device for a desired performance. Limitations to
reducing the device size are imposed by (reference: INTOR Phase IIA Part I)

- a maximum g/g, of 0.6-0.7 (some increase may be achieved by shaping)

- a minimum q/qy of 1 (may change somewhat in either direction)

- a maximum k/ko of 1.25 (an increase to k/kg = 1.375 may be tolerable)

- a maximum C of 1 (some increase may be achievable)

- a maximum m of 0.86 *q/q,

- a maximum m'  of 0.78

- a maximum m"  of 0.63

- a maximum % of 2 (for keeping the scaling approximately valid)

- a minimum Y% of 0.95 for ASDEX H-mode scaling and C = 1 (Y&C=m1=const.)

corresponding to nj g = 1.5 + 1.96:1020 m-3 s at 10 kev
(ignition margin 1.5)
- a minimum Y%  of 2.26 for Goldston scaling and C = 1 (Y&C=m1=const.)
corresponding to ny T = 1.96+1020 m-3 s at 10 kev
(ignition margin 1)
a minimum E of 0.40 )
- a minimum F of 0.25 ) This is the standard set of geometry factors
a minimum G of 0.26 ) used in this study.
a minimum H of 0.07 )
A1l geometry factors may be changed somewhat.
Geometry factors for existing INTOR designs are, for example,
Phase IIA Part 1: Eo/Fo/Go/Ho = 0.45/0.27/0.28/0.08
Phase IIA Part 2: E /F /G /H = 0.40/0.24/0.26/0.06
a maximum Bpax/Bmaxo of 1 (may be changed somewhat)
a minimum ¢ of 0.77 (there is also an upper limit at § =1 for wall

lifetime with present technology)

a maximum AB/ABqy of 1 (may be increased)

- 12 -



No distinction is made in this study between a possible limiter or divertor
version of INTOR.

4, Results

The results of iterative evaluations for INTOR alternatives with INTOR as of
Phase IIA Part One as reference case are mainly described in their
dependence on the major radius as the quantity that characterizes the device
size and outlay. The resulting figures are to be compared with the
limitations Tisted in Section 3.

4.1 Overview

Looking at a somewhat wider parameter range than finally turns out to be
relevant for INTOR alternatives Figs. 2 and 3 give the achievable neutron
wall load as a function of p with the density limit definitions m, m' and
m" and the plasma current I/I, = 1.563 (corresponding to 10 MA) indicated as
limitations and for orientation, respectively. It was found practical to
select discrete values for elongation and to plot §(p) for a certain range
of ya‘(above an ignition margin of 1 for Goldston scaling in Fig. 2 and
above an ignition margin of 1.5 for ASDEX H-mode scaling in Fig. 3). In
order to prevent the plots from appearing congested the temperature range
was restricted to 1 = %= 1.5, which, however, is sufficient for showing the
impact of the different density 1imit definitions. The results, of course,
refer only to the set of input parameters indicated. The impact of varying
the input assumptions will be shown in section 4.3.

In both Figs. 1 and 2 sections of the same curves &(p) appear, but with
different scales for the performance parameter v and the ignition margin.
They show the typical size reduction with increasing elongation. The
dependence of the wall loading on elongation/major radius at a fixed
performance parameter or for a given ignition margin is, however, completely
different. While Goldston scaling tends to result in a roughly constant wall
load vs. major radius in the range considered for a certain ignition margin,
ASDEX H-mode scaling leads to strongly decreasing wall load with increased
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major radius for any fixed ignition margin (see Fig. 4). For Goldston
scaling the ignition margin has to be close to 1 for getting close to the
reference INTOR parameters, while for ASDEX H-mode scaling the ignition
margin would be around 2. That margin might cover the possible degradation
of confinement - if present - which is not contained in that scaling.

It is interesting to identify a design point with a major radius as of Phase
IIA Part Two (p = 0.943). Figs. 2 and 3 indicate for an elongation of 2.2
the same design point at the m" density limit for %= 1.2 and § = 0.99. The
respective Goldston and ASDEX H-mode ignition margins are 1.07 and 2.12. The
plasma current is somewhat above 9 MA. Depending on which density Timit
definiton would be valid and which confinement scaling applies, the
possibilities to use a notably smaller elongation appear very much
restricted for an INTOR-size device, given the present input assumptions.
Already for an elongation of 2 the size for the same wall load of & = 0.99
increases to p = 1.05 and the plasma current exceeds 10 MA (always at the m"
density limit).

In general, m" is the most restrictive density 1imit definition, whereas m
allows some more margin. For elongations above 2 the T1imit m' practically
does not impose any restriction. Besides the fact that for elongations
below 2 INTOR-like configurations comparable in outlay cannot be found any
more, in that range m" may require to go beyond = 1.5 and m' becomes more
restrictive than the density limitation by m. The situation of the design
points with respect to the fixed density limits m*, m'* and m"* is shown in
Figs. AII.1 through AII.6 of Appendix II, from which the parametric

representation of the density limits in Figs. 2 and 3 was taken.
4.2 High-elongation design points

Figures 2 and 3 suggest looking in a more detailed manner into the alter-
natives for elongations beyond 2 and up to 2.2. For that purpose Figs. 5 and
6 plot the wall load, the plasma current and the density characteristics
vs. p, for elongations of 2.1 and 2.2 respectively. The design points are
all meant for an ignition margin of 1 for Goldston scaling, since that
scaling provides the more pessimistic confinement times. The pertaining
ignition margin for ASDEX H-mode scaling is also shown.
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Figure 5 indicates that for the major radius as of Phase IIA Part Two no
design point can be found, not even for the less restrictive Murakami
density 1imit. This holds for an elongation of 2.1. The influence of raising
g/go for the same configuration is seen in an increased wall load and a
further shift of the density 1limitations towards larger major radii. For an
elongation of 2.2 as assumed for Fig. 6 the situation appears more relaxed
concerning the density Timitations. For the Phase IIA Part Two major radius
device there is now even some margin in density.

4.3 Principal impact of varying the input data

Table 1 1lists 20 cases, including the basic cases 1 and 2 which can serve
for comparison since they are close to INTOR as of Phase IIA Part Two.

In order to show the influence of a temperature variation in the range

154 ¢ 2, pairs of data sets are given for each variation referring to
those extreme temperature values. It can be shown that the restriction due
to the density limitation m"* is always found between those extreme values
for the pairs mentioned (with the exception of case 17 through 18). The main
tendencies are illustrated by plotting the wall Toading, the plasma current,
the fusion power and the estimated relative direct capital cost figures
versus the major radius (Figs. 7 through 10). A11 the design points have an
ignition margin of one based on Goldston scaling. Table 1 also gives the
ignition margins based on ASDEX H-mode scaling, which turn out to be between
1.58 and 2.52, hence far more optimistic than for Goldston scaling. (One has
to take into account, however, that the ASDEX H-mode scaling does not
contain any confinement degradation from heating, which might translate into
lower ignition margins.)

The modifications introduced are as follows:

- Cases 3 and 4 show the same configurations as 1 and 2 but are for
g/g9g = 0.7, which corresponds to a g-factor of about 4.

- Cases 5, 6 and 7, 8 are for a 10% decrease and a 10% increase in maximum
toroidal field where the current density in the magnets decreases and
increases roughly with the field variation.

- Cases 9, 10 and 11, 12 are for a 10% decrease and a 10% increase of all
radial component dimensions, which means a corresponding increase and
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decrease, respectively, in current density of the magnets and in their
radiation dose.

- Cases 13, 14 are for roughly constant magnet current density with an
increased radiation dose, whereas cases 15, 16 refer to an again roughly
constant magnet current density at a larger field level and a lower
radiation dose.

- Cases 17, 18 show the impact of lowering the current-q when keeping the
elongation at k/kg = 1.375 as for all cases so far, while cases 19, 20
imply that the reduction of q is used to decrease the elongation to such a
value that the configurations (except for the elongation) of cases 1, 2
are reproduced.

The main findings from this kind of representation are:

- Cases 9/10 and 13/14 as well as cases 11/12 and 15/16 deviate most from
the basic cases 1/2. They are therefore not further considered here.

- A1l the other cases cluster around the basic cases, although in a
considerable range. The general tendencies seen are the following: The
neutron wall Toad is somewhat lower than the reference value, the plasma
current can be kept below the 10 MA Tevel, the power can be about the
reference value and the cost might be about 10% larger than in Phase IIA
Part 1.

- The temperature level has a strong impact on some parameters such as
plasma current, power and cost. Hence the introduction of the specific
density Timit scaling that will determine the temperature level is
essential. This is done in section 4.4,

4.4 Accessible INTOR design points at the density limit with fixed ignition
margin

4.4.1 GOLDSTON scaling

For a more systematic overview and orientation within the interesting

parameter space a further series of plots is shown where the same ignition

margin as in the reference case (Goldston ignition margin 1) and a density
corresponding to the density 1imit m"* are valid throughout. The latter
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condition, which is the most stringent one among the three scalings
mentioned previously, is attained by appropriately increasing the plasma
temperature. All quantities are again plotted versus the major radius. On
the basis of the standard set of geometry factors 0.4/0.25/0.26/0.07, which
is very close to INTOR Phase IIA Part 2 conditions, the influence of varying
the geometry by an overall variation of this set of factors is shown
together with a variation in maximum toroidal field for two values of
elongation, namely 2.1 and 2.2. These values of elongation were selected
according to the findings of section 4.1. The effect of increasing possibly
g/go to 0.7 was also looked for. The variation of geometry and maximum
toroidal field in a plot of a/ay versus o provides a "window" of reasonably
attainable design points on which to project parametric curves for the other
design parameters of interest such as the plasma currrent, beta, the neutron
wall load, the fusion power and the cost.

Comparing Figs. 11 and 12 for k = 2.1 and 2.2, one sees that within the
range of interest for the neutron wall load between 1 and 1.3 MW/m2 and
above a beta of 4.9% (which is the Phase IIA Part 2 value) the Tower
elongation would give the possibility of maintaining major and minor plasma
radii at about the reference values with near Phase IIA Part 2 geometry
factors and a slightly reduced maximum toroidal field. The plasma current
remains below 10 MAand the cost would be about 20% larger than for the
reference case. At a 10% larger minor radius the previous beta of 5.6% could
be reached. In that case some additional reduction in geometry and in field
would be required. The plasma current would increase beyond 10 MA as would
the relative cost beyond 1.2. If the elongation were increased to 2.2, the
Phase IIA Part 2 large plasma radius could be reached at a minor radius
reduced by 10%, again for the Phase IIA Part 2 geometry factors and a
slightly reduced maximum toroidal field with an even lower plasma current
(about 9 MA) and lower fusion power than in the first case. Consequently the
cost is also lower, namely about 5% larger than in the reference case. If
within the "window" of reasonably attainable design points the case for

a/ag = 1 is looked at, one finds a plasma current larger than 10 MA and a
reduced major radius, a beta value beyond 5.6%, an increased fusion power
and cost increased by about 15%.
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Comparing the two figures with respect to the electromagnetic configuration
(dimensions, plasma current) one finds that the impact of increasing
elongation is similar to increasing the maximum toroidal field, and that the
lTevel of plasma current in a/ag-p-space is practically fixed for fixed g/gq.
The cost level is mainly determined by a/ay and decreases somewhat with
increasing elongation. Note that all design points shown are of minimum size
in the sense that they all have the same ignition margin as INTOR Phase IIA
Part 1 but expressed in terms of the Goldston scaling with continuous
confinement degradation according to alpha power.

Essential findings are the following:

- With the INTOR Phase IIA Part 2 like set of geometry factors the
elongation can be chosen approximately at 2.1 in order to restrict the
outlay to about 1.2 times the reference cost.

- Within that range the neutron wall load can be kept between 1 and 1.3
MW/m2, the plasma current can be lower than 10 MA and beta can remain
above 4.9%, the major radius at about 5.3 m.

- A more challenging possibility is to increase the elongation to 2.2 which
shifts the major radius to typically 5 m. The plasma current can be close
to 9 MA. An increase in current and minor radius, which implies a
reduction in geometry factors - hence advanced engineering compared with
Phase IIA Part 2 - would allow one to attain the original beta of 5.6%.
The associated increase in neutron wall Toad, however, would be small.

- These results are based on assuming a density limit ~ 1.3 x j. If Murakami
scaling is taken the results are slightly more favourable (Fig. 13).

- The alternative of increasing the maximum toroidal field and the geometry
factors in general leads to very low beta, which makes such alternatives
irrelevant despite their low current and outlay.

With constant Goldston ignition margin

- the achievable neutron wall load decreases with increasing major radius,

- the Tevel of estimated cost increases essentially with increasing minor
plasma radius.

Further Figs. 14 through 27 show the pertaining dependences of the
individual quantities on p, generally for two values of g/g,.
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Figs. 1la and 12a indicate that the "window" remains almost the same when
changing g/go to 0.7, but keeping the elongation. The plasma current
increases somewhat, but the fusion power and hence the neutron wall loading
rise strongly.

For INTOR an increase in g/gy above 0.6 if achievable, might thus be con-
sidered as safety margin rather than be fully exploited. A similar argument
can be made for the density limit in case the threshold m"* could be made
somewhat Targer than assumed.

4.4.2 ASDEX-H-mode scaling

A similar overview can be provided in comparison for ASDEX H-mode scaling.
The pertaining results with g/gy = 0.6 are shown in Figs. 28 through 35. For
that scaling the "window" has been defined such that the respective design
points for the two elongations for standard geometry and Bpax/(Bmaxo) = 1
are the same for the two confinement scalings. This definition Tleads to the
values of the ignition margins for ASDEX H-mode scaling: 2.131 for k/k0 =
1.3125 and 1.931 for k/kO = 1.375. For ASDEX H-mode scaling the appearance
of the a/ay vs. p plots (Figs. 28 and 29) is notably changed compared with
that for Goldston scaling.

The window of accessible design points compared with the case of Goldston
scaling is stretched in the p-direction and somewhat squeezed in the a/ao-

direction, the lines for B___/B = const. being rotated. The lines of

max’ “maxo
constant B/B0 are very nearly the same for the same elongation, whereas the

lines of constant I/I0 are in a similar position, but somewhat rotated.

The same design points as discussed in section 4.4.1 can of course be found
in the ASDEX H-mode based diagrams.

The essential findings are thus the same, but with the difference, that with

constant ASDEX H-mode ignition margin

- the achievable neutron wall load decreases with both increasing major and
increasing minor radius,
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- the level of estimated cost increases mainly with increasing major plasma
radius,

- the fusion power is a function of the major radius only. Hence parametric
curves in the a/a0 vs. o diagram for n do not exist. This can be proved by
combining eqs. (45) and (20).

Furthermore Figs. 30 through 35 show the pertaining dependences of the

individual quantities for g/g0 = 0.6.

5. Conclusions

On the basis of a standard geometry close to that of INTOR Phase IIA Part 2
and by means of a simplified rescaling procedure it could be shown that for
the input assumptions as used here and based on /3/

- an elongation in the range of 2.1 to 2.2 is needed in order to attain
attractive parameter sets not too far in outlay from the INTOR reference
case, when applying Goldston scaling with an ignition margin of 1 or ASDEX
H-mode scaling with an ignition margin of about 2 (not taking into account
an isotope effect), and keeping the m" density Timit by temperature
adjustment;

- the plasma current can be kept below 10 MA under such conditions;

- a minor plasma radius reduction allows one to keep the major radius as in
INTOR Phase IIA Part 2, a corresponding data set with k = 2.2 being shown
in Table 2 as an example; alternative data sets with k = 2.1 retain the
reference major radius;

- using the two confinement scalings for finding a common range of
accessible data sets for each elongation, respectively, leads to rather
narrow domains in a/ao vs. p. Figures 36 and 37 show those domains. If the
standard geometry is taken, it is obvious that lTowering the elongation
would mean further increase in cost and decrease of B/B0 below the Phase
[TA Part 2 Tevel. For the design points indicated see also Table 3;

- the necessary temperature increase for keeping the density Timit is
smaller if the elongation is larger.
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Table 2: Evolution of the INTOR design parameters

Phase 0 [ IIA-1 I1IA-2 IIA-3
year 1979 1980/81 1981/82 1984/85 1986/88
input  examples

R (m) 5.2 5.3 5.3 5.0 5.00 5.3 - 5.3
a (m) 1.3 1.2 1.2 1.2 1.07 1.18 - 1.2
k 1.6 1.6 1.6 1.6 2.0 2.2 2.1 -2.1

b (m) 2.08 1.92 1.92 1.92 2.36  2.49 - 2.51
A 4.00 4.42  4.42 4.17 4.67 4.48 - 4.43
B (%) 5 5.6 5.6 4.9 5.2 5.0 -5.1
Byy (%) 4.1 41 4.1 3.7 3.6 - 3.7
g (B-scal.) 4.0 3.5 3.5 3.5 3.5
Bool 2.6 2.6 1.5 1.65 1.58 - 1.57
Myoraami 16 17.5  17.5 16.5 15 13.3 12.8 - 15

T, (keV) 10 10 10 10 10-20 11.9 12.7 - 10.6
(109073 1.3 1.4 1.4 14 1.12 1.02 - 1.19
t (s) 1.4 1.4 1.4 1.51 1.56 - 1.57
B (T) 5,5 5.5 55 5.5 5.6 5.7 - 5.5
q 21 21 18 21 21 231 2.1

I (MA) 6.4 6.4 6.4 8.0 ~10 9.0 9.7 - 9.6

P (M) 620 620 620 585 576 675 - 654
p, (M/m%) 1.3 1.3 1.3 1.3 1.1 1.2 - 1.1

Remarks: In the sequence of numbers for any parameter those data are
underlined that are changed with respect to the previous ones.
The examples given for possible alternative data sets refer
to the m" density 1imit except for the last column which implies
the m (Murakami) density limit.
19 -2 -1

MMurakami is given in the units 107" m = T
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Fig. 1: Radial build of a tokamak reactor (schematic)
a) in absolute dimensions
b) in relative dimensions



2.0+

1.5

GOLDSTON scaling
Ref.: INTOR Phase IIA Part One

Bmax/Bmaxo = 1.0
q/9, = 1.0
9/9O = 0.6

1}

density limit: m m* 20.8565 e *

0 = 20,777 oeesesnmeg
m" m"*=0.632 ARNOCRONRNG

I

I/1,=1.56 = 10 MA <

1.0 - 2 1.3 MW/mP
— 21.0 Mi/m?
i k/k0 = Led¥fhs 12905 1:125; 1.0
) 2k = 2.2 2.0 1.8 1.6
0.5+
T —[ T T T T I T T T T 1 T T 1
0.5 1.0 1.5 —— p
Fig. 2: Achievable neutron wall Tload vs. major radius (performance parameter ye"

for GOLDSTON scaling) for different elongations in a temperature range
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Fig. 5: Accessible parameter range between the density limits m* or m"* and I/I0 = 1.563
for an elongation of 2.1 and a GOLDSTON ignition margin of 1.
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Fig. 7: Neutron wall load vs. major radius for GOLDSTON scaling at an
ignition margin of 1 and an elongation of 2.2 in a plasma temperature
range of 10 - 20 keV. For explanation of cases 1 - 20 see Table 1.
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Appendix I

T I A ou A
Reduction of the confinement scaling to the form — = F_(—) o (—)
TEO I0 A0
In a relative form the confinement scaling usually represented as the
product of the essential quantities to various respective powers can be
written as /7/
T n_ o, ao, kas a os B ag P I A, 0,02 .
E e M1 2 3 Oy Q Qs 6 Oz Gg lg Ao Gi11
T ) e () ) () () (= (1,1)
“Eo "eo % 0 % Bo Po Io Aio Zeffo

Assuming continuous degradation of confinement with increasing heating power

one has
P n % 3 A 2k 1 2A k 11
E Eo
— = —F =0 (2) — (=) —p—--"2 (1,2)
PO Ny T A ko IO AO k0 M Tg
with eqs. (4) and (5).
One can show that the following relationships hold:
1
: q &; g -ag k (a3+a7) (ﬂg'@l) -(u1+a5+u7) A. Qo Z @11(”_#*)
o= {6 (—) 9 M (=) By e
% 9% ko Aio Zeffo (1,3)
A = ( 2&] + ag+ 2&7 + Gg)/( 1+ @7) (1,4)
Hoo= (200 + a2t au- ot as)/( 1 + ) (1,5)
v = ( 3@1 = O+ 2&6 + Q7)/( 1+ ﬂ7) (1,6)

It is obvious that the exponent of power degradation plays an important
role. If the degradation would be continuous - as assumed here - a slight
modification in ay could compensate for some factor f in the absolute -
scaling. This is shown in Fig. I,1 for the Goldston scaling /4/. It is seen
that even at 50 % of the most optimistic numerical factor in the Goldston
scaling the same configurations are possible for similar v values provided
0y would be slightly lower. If, however, the confinement degradation would
vanish beyond a certain heating power or power density level, the
Timitations from the confinement time could be avoided altogether.



In this work the ASDEX H-mode and the Goldston scaling are used in the

following form (no isotope effect: %0 = 0)

0.065 R I units: m, MA, s

0.074 - §0-37 0.5 pl.75 p-0.5 4 units: m, MW, MA, s

Te
TE
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Fig. I.1: Impact of variations in f and oy



Appendix II
Density Timitation

Figures II.1 through II.6 show for Goldston and ASDEX H-mode scaling the
respective curves for m, m' and m" vs. p pertaining to the design points as
plotted in Figs. 2 and 3. The upper limits m*, m'*, m"* which indicate the
corresponding density Timits determine the accessible range of data sets
independent of the confinement scaling. The latter, however, provides a
further restriction to the accessible range.

As can be seen, m" imposes the strongest restriction for the large values of
elongation.

The 1imits as indicated in Figs. II.1 through II.6 have been used for Figs.
2 and 3.
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