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Abstract

A simplified consistent scaling of possible Tokamak reactors
is set up in the power range of 0.1 - 10 GW. The influence
of some important parameters on the scaling is shown and the
role of some technical constraints is discussed. The scaling
is evaluated for the two cases of a circular and a stronlgy
elongated plasma cross section.




INTRODUCTION

Tokamaks are currently a much favoured concept in fusion
research and they are in many countries the most advanced
scheme in terms of size and technological complication.
Recently, in the EEC the question of developing prototype
coils and/or superconducting torus sector magnets as
intermediate steps for the possibly required very large
Tokamak magnets of the future has been discussed and
currently a corresponding program is being set up. The
real need for superconducting magnets in CTR Tokamak
research seems only to come with what is called a feasi-
bility machine which cannot yet be defined in detail.
Because of the considerable time required for developing
large fusion magnets it is widely accepted that such a
program must start now.

It was for these reasons that the following simplified
calculations were started in order to construct a frame
work of principal data and tendencies. In the course of
the work it turned out also that technical constraints
may strongly influence the choice of future Tokamak
machine parameters.

It should be noted from the beginning that not the
detailed numbers but the resulting tendencies can be
expected to provide some guidelines among others for
magnet development.

SCALING

The most relevant independant scaling parameter is the
rated thermal power of a Tokamak fusion reactor when the
basic assumptions on the reactor plasma are kept constant
or kept in the same relationships. Given these a simplified
geometric model yields the variation of the important

parameters over a broad range of thermal powers. The latter




may be fictitious at low power levels in small machines
because efficiencies, pulsed performance2 and the dynamic
behaviour of the plasma are not taken into account, but

they still indicate the machine size considered.

An important item in capital cost of a Tokamak machine

is the magnetic field system for which the stored energy
is a rough measure. For purposes of camparison it is
especially interesting to consider only the magnetic energy
in the active reactor volume comprising the plasma and

the blanket because this yields an absolute minimum of
field energy required under the plasmaphysical assumptions
given. The energy stored in a realistic toroidal magnet
will be larger mainly for three reasons:

1. Very likely a poloidal divertor configuration has to
fit inside the toroidal magnet.

2. Accessibility of the reactor chamber and maintainance
and repair requirements call for additional space

mainly at the outer torus magnet circumference.

3. Large coils will have to be shaped according to the
electromagnetic forces such that minimum reinforce-
ment against bending of the windings has to be pro-
vided.

Besides of the magnet energy a selected number of other
important reactor parameters have been calculated from
the scaling relationships.

The scalinghas been carried out for both a circular and
an elliptical plasma cross section to which the forms of
the reactor chamber and the blanket were adapted. The
torus magnet closely fits the outer contour of the
blanket and as already mentioned comprises thus only the
absolute minimum volume. The transformer winding has
been idealized as a cylindrical coil closely fitting
inside the torus and with a height equal to the blanket
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vertical outer diameter. The bidirectional flux swing3

in the transformer air core is with a safety margin of

2 sufficient to induce the appropriate plasma current.

In both cases - circular and elliptical plasma cross

section - the same basic definitions and relationships
are used as listed below:

The plasma density and temperature (Te=T1=T) are
constant respectively over the entire plasma cross
section (rectangular profiles). Thus the plasma
profile is characterized by the ratio y=a/rw=a'/r¢.
Peaked profiles would mean very low y-values. Here
y=0.9 is used.

The g-value at the plasma boundary is taken as 2.5.

The relative plasma pressure which enters into the
evaluation of the fusion power in a given geometry
is assumed in the form Bpol = t.A. For the purpose
of this paper, f is set to be l/\fg, which yields
the condition of a possible bootstrap current and
corresponds to the expectation that the already
found Bp01>'l will further improve. In addition

the assumption B8 = 1 would hardly yield reactor

pol
relevant scaling data for q = 2.5.

For the evaluation of the plasma density the

temperature is assumed to be 20 keV.

The total fusion energy per event is taken to be

ch = 20 MeV.

A total constant blanket thickness of t = 200 cm is

assumed.

The radial thickness of the idealized transformer
winding is calculated from an overall tensile stress
of E = 40 MN/m2 taking into account that a pulsating
stress is applied. With this overall tensile stress

value the question of overall and local current




10.

11.

density in the superconducting transformer winding

should not present any problems.

The transformer flux density swing which is set equal
to the maximum flux density in the torus magnet is
chosen at Btc =8 T, 12 T and 16 T in order to show
the influence of the magnetic energy density. As
mentioned above, the bidirectional flux swing has a

safety margin of 2.

The radial thickness of the torus magnet winding s is
calculated from three components. A first part takes

the mechanical stress mainly in tension, a second part
carries the current under the constraints of full
stabilization and safety discharge at a given total
voltage level, the third part is constant and represents
the cryogenic insulation. Practically the functions

will be at least partially interconnected, and only a

rough picture is to be expected from this subdivision.

The tensile stress in the mechanical part is set at

6 = 400 MN/m2 and the cryogenic part is set to be

dc = 30 cm in radial thickness.

The torus windings closely touch at the innermost
circumference which calls for a common cryostat there.
The effects of a discrete coil number are not yet taken
into account. They lead to stronger tensile forces on

the innermost part of the torus coils.

As has been derived elsewhere @ the current density and
the current in the superconducting toroidal magnet are
calculated to meet the requirements of both the full
stabilization and the safety discharge. The sum voltage
over all the series connected coils at safety discharge
is set at 200 kV. The temperature rise of the winding
during safety discharge is set to be 50 K, thus £ (©)
is 5-108 (a/cm2)% s. Further data are q' = 0.3 W/cm?
and 'k =2; P 1=3+207% {deme




12. The topological consistency of Fig. 1 and 2 is put
into the scaling.

It should be noted that the scaling except for the above
mentioned 12 items does not assume any dimension or other
characteristic figure from the beginning. Especially the
reactor power and the wall loading, the B-values, the

density and the plasma current are not set from the beginning
but are results of the scaling which yields under the many
constraints imposed well defined dependances between
realistic design parameters. There is no kind of optimiz-
ation involved. Optimum data if any may be found in the
results of the scaling.

Using constraint numbers 1, 2 and 6 through 12 one can
derive an equation which in an implicit form provides a = f(A)
under the above conditions with the data for y, q, t, G,

f ~
6. dc' LV 2 set at certain values e.g. the ones

Btc’ max’' ea
mentioned in the text.

The equation reads
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Equation (1) which only can be solved by iteration
obviously relates the 9 constraints mentioned above.
Equation (2) gives the radial overall winding thickness s
of the torus coils. Equation (3) defines the relation
between transformer core and plasma radii, equation (4)
accounts approximately for the force distribution in the
torus coils and equation (5) yields by interpolation
between a thin belt shape and the torus shape 2 approximate
inductance values for the elliptical plasma cross section
with a ratio of long to short axis of a'/a.

The plasma aspect ratio
A = R/a (6)

has the same meaning for both the circular and the
elliptical case. a is either the plasma minor radius or the
short axis of the ellipse. From a = f(A) then introducing
constraints 3 through 5 the fusion power relationships can
be calculated. It is interesting to note that a relation-
ship between the first wall total power flux density Py,

and the absolute thermonuclear power Pth can be established
without explicitly introducing the geometrical dimensions

at first sight. L

One finds

3 Ey>2 3 aMo 8 3 y
Pv [Quzerrl [ 2 (5)234, -
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where Bto is the toroidal flux density on the plasma
axis

a
.36,,""—Bec (4 - 5A+at ) (8)

and the expression { } becomes unity in the circular
case.

As can be seen from equation (8) and also from the high
power to which A enters into equation (7) the dimensions
provided by a = £(A) in fact already influence pé/Pth
rather strongly.

What can be seen however straight from equation (7) is
that in a Tokamak the first wall loading is related to
the absolute power and that this relation can be markedly
influenced by the toroidal magnetic field strength, the
plasma profile, the g-value, the ellipticity provided
a'/a is larger than 2 and also of course by the 8

pol_
-scaling.

: “
Introducing el g {9)

which means 3 = f31 equation (7) becomes

pol
<$"y>
P Qs 2 (5)40 AV
B () \ 1500 5)- V‘”/ 1 A?
The expression 2/&5‘(44—-2) o vaa']

approximates the relation of the circumference of a

circle to the circumference of an ellipse. In both the
circular and the elliptical case Py, is an average value
taken over the entire first wall surface. Using
equation (10) and the results of equation (1) one
calculates for every pair a = f(A)

/ [
A qsid-(a" p
y 2 'F‘ut

}euJ'E‘Z7TQL

(11)




and from that TP
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(12)

Now all the other Tokamak reactor parameters are available

with consistent values:

Plasma current 2
Be 4‘*/%)

J = —=2ra :

P AgA 2

Plasma ring inductance

[_,7"-: /OAQ.' (7.)

using equation (5) for (°/.).

Toroidal field energy

W %25_022/4 E(g-pt-:-f)z
mt 2/“0 LA 3

Toroidal magnet overall volume

Ve = #rAas(Gre)= L a)

with equation (2) for s.

(13)

(14)

(15)

(16)

The total centering force can be roughly approximated by

differentiation of the toroidal magnetic energy after

the torus large radius which yields

Ré
F = /:"a?'rr—-—( +f+-)

(17)

An instructive measure for the design problems with the

central support cylinders or rings is the centripetal

pressure exerted on a fictitious cylinder surface with a

radius of z.a. and a height equalling the vertical inner
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diameter of the torus magnet. This centripetal pressure
is given by

oo D F(EEER)

€ 2m Z2za (E+t) .

using equation (3) for z.

Another interesting figure is the total tilting force
calculated for the worst case in which the vertical

field according to ?

J
B =/«,%,ALQ (inA+ §A+033) (19)

penetrates the whole torus magnet volume. The tilting
force is taken to occur at the vertical inner diameter

of the torus coils. Thus

Gt arc’ trda(5+) Ao o

The average current density at the inner toroidal magnet

By,

J M, S

and the average tensile stress in the same region is
atversd ppilBps sAt (hiee
G = —-2——(-5-#:5) V4 (22)

with equation (4) for {Z}

circumference is

-

(21)

Using these relationships and the constraints 9 and 11
the conductor current density, the current, the safety
discharge voltage and time constant of the toroidal
magnet are calculated.

(23)

p = A

4 -

ﬂ.Q|\~1
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J= (’;q) IE (24)
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& = (26)

§ o .

For the sake of simplicity in equation (1) the toroidal

magnet energy has been introduced omitting s/3 in the
minor toroidal magnet radius. Therefore the final sum
voltage differs slightly from that put into equation (1)
at the beginning.

Calculation of the consistent plasma density and Bt

yields
2
B fA -Bto 4 ( a’)z 27,
A*q® ST [ 0 4
and
A fs 4 poighn2
.S (—2-) 2
ﬁt Azqa ¥ L a
where j is unity for the circular case.8

Using a very much simplifying equation 0 one can
estimate also roughly the scaling behaviour of Ohmic
heating giving half the attainable temperature and the

time to reach it: 1

12 I
k-,_;)_ [KCV} = 2'24-40 . = f Q, (29)

. s
and T.n..[sj "-=O'?13-40J-—— k-’_; (30)

Neutral heating requirements may be calculated from n.a.

as well.




_.13_

RESULTS

The equations derived above have been evaluated for the
circular case and two elliptical cases with a'/a = 2.5
and 4. After a comparison of the resulting n and B8
scaling it must be concluded that for the fixed

parameters chosen it is only interesting to consider

t

a'/a = 4 as a possible alternative to the circular case.
For a'/a = 2.5 the density and the plasma pressure are

smaller than for a circular plasma cross section (Fig. 3).

In the following description and discussion of the results
the circular and the elliptical case with a'/a = 4 are
loocked at in parallel.

Figures 4a and 4b show the scaling of the toroidal
Tokamak maghets in terms of overall winding volume
(including the space between single coils) versus magnet
energy with the reactor power as a parameter varying
between next generation (EPR) and reactor size. The
important difference compared to present experimental
machines, which causes a discontinuity in the scaling

at about the EPR level, is the introduction of the
blanket and shield. Therefore below the 0.1 GW level
without a blanket much more favourable data may be

generated, but they will not scale up.

From Fig. 4a and 4b it is interesting to note that
depending on the maximum magnetic field strength the
overall winding volume and in a certain region even the
magnetic energy show a minimum at constant power. One
could conclude that a maximum flux density of about 12 T
at least in the circular case may offer some advantage
over the lower and the higher field options. The
elliptical configuration shows a less marked minimum

behaviour, but at low power both the winding volume
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and magnet energy are much larger than in the circular
case. Only at very high power levels the elliptical case
yields lower volume and/or energy. As will be shown later,
the elliptical configuration at a'/a = 4 has always a
considerably higher wall loading compared to the circular
one. Another problem is that the D-shaped coil concept of
necessity relates the coil shape at a given coil size to
the torus large radius. A first consideration gives the
impression that the circular configuration can be fitted
quite well into an appropriate D-shape toroidal magnet in
accordance with accessibility, maintenance and repair
aspects at a reasonable amount of additional energy over
that resulting from this scaling. In the case of the very
elongated elliptical plasma cross section that additional
amount of energy when going from the elliptical coil to
the D-coil may be much larger and possibly completely
cancel the slight advantage in magnet energy found for
very high power levels. For only a limited increase in
energy the elliptical case requires additional structure
in the torus magnet because then bending forces cannot be
avoided.

Figs. 5a and 5b give the toroidal magnet inner radii

atc = (a/y) + t and the ratio of axial to maximum toroidal
field strength. The latter is seen to lead in the circular
case to magnet aspect ratios of about 2 with a range
depending on magnetic field and power between 1.7 and 2.2.
At a'/a = 4 the field dependence is very small and the
magnet aspect ratio varies between 2.1 and 3.1. This
indicates the influence of the higher plasma current in
the elliptical case.

When plotting the toroidal magnetic energy versus the
magnet aspect ratio Am (see Figs. 6a and 6b) the con-
straints imposed on the magnet clearly appear

[A = 1/(1-B,/Br.) 1.
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In the circular case at a given power essentially the

aspect ratio rises with higher magnetic field and there
are weak minima of the energy at high power levels. In
the elliptical case a'/a

different (The case a'/a = 2.5 as an intermediate one in

4 the picture is completely

a corresponding diagram not shown indicates clearly the
transition between circular and strongly elongated shapes).
Here at a given power essentially the energy rises at
higher fields, whereas the aspect ratio only above about

12 T shows a strong increase with the magnetic field
strength.

The forces occurring in the torus magnet can be roughly
characterized by the total centering force Fc and the
total tilting force M/a'+c').

Fc goes up at a rate of about 3 Pth' whereas M/a+c is
about proportiocnal to“’Pth (see Figs. 7a and 7b), the
former depending on Btc’ the latter very much less varying

with the magnetic field. In the elliptical case both are
about twice as high at high power levels. GE in both

cases shows almost the same scaling from which one could
conclude that up to about 12 T the support of the
centering force can be designed without major interference

with the transformer winding.

Fig. 8a and 8b show the scaling of current density, magnet
current, cumulative discharge voltage and discharge time
constant of the toroidal magnet. The differences are not
very marked except for the larger field dependance and

the clear influence of generally higher magnetic energy

in the elliptical case.

Figs. 9a and 9b connect the technical data to the plasma
physical ones. The plasma radius and the torus magnet
energy are drawn versus the plasma aspect ratio for

y = 0.9, g = 2.5 and B =-JKT The upper diagrams show

pol
the solution of equation (1) and by comparison it is
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seen that the elliptical case a'/a = 4 generally leads
to more than doubling the plasma aspect ratio. In the
circular case at about 12 T weak minima of the toroidal
magnetic energy occur at higher power levels. Looking at
the first wall loading however there is a substantial
increase at constant power when raising the maximum flux
density from 8 T to 12 T. The power density increase in
going from 12 T to 16 T is much smaller. The same is
observed in the curves for a'/a = 4 at a higher level of
wall loading for a given power. The magnetic energy,
however, in the elliptical case increases monotonically
with rising Btc.

Looking at the resulting very large plasma aspect ratios
in the elliptical case one may really doubt if at all
the condition Bpol ='¢E could be fulfilled for the

large A-values. If that is not the case, the elliptical
plasma configuration compared to the cylindrical one
needs even more magnetic energy for confinement than
already shown.

The plasma current and the magnetic energy associated
with it (see Figs. 10a and 10b) in both cases show the
same variation with Pth except for the level and the
field dependance which are both higher in the elliptical
case. At 12 T e.g. the elliptical configuration requires
about 50 % more current and also about 50 % more poloidal
field energy.

Figs. 1la and 11b give the comparison for the Bt and n
values that can be expected in the circular and
elliptical case. While the difference in Bt is not too
large, the plasma density is almost by a factor of 2
higher in the elliptical case. Both quantities show an
increase by very roughly a factor of 2 over the power
range of 0.1 - 10 GW.
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An evaluation of equations (29) and (30) at the calculated
plasma density yields twice the temperature and about two
thirds of the Ohmic heating time for the elliptical case
when compared to the circular one. Especially the heating
time required shows a marked magnetic field dependance
which means almost halving between 8 T and 12 T. The ratio
of temperature by heating time is almost constant over the
whole power range and amounts to about 0.1 keV/s in the
circular case at Btc = 12 T. (Figs. 1l2a and 12b).

One might argue after all the scaling shown that there

is a strong dependance, even keeping Bpol =VCE’, on y and d.
It has been calculated for the circular case that down to

a minimum feasible value of perhaps g = 1.85 accordingly
lower y-values down to 0.7 will lead practically to the
same toroidal magnet at the same power level. Of course

the plasma aspect ratio changes accordingly. If still lower
y-values have to be faced, an important increase of the
toroidal magnet energy compared to the data found in this
scaling is inevitable. Likewise a weaker scaling of 8

pol

with A or a constant B = 1 would lead to much more

pol
expensive magnetic confinement.

SUMMARY AND CONCLUSIONS

A simplified consistent scaling of possible Tokamak
reactors is set up introducing a number of technical
constraints and realistic to optimistic plasma assumptions.
The scaling couples a number of important parameters
neglecting plasma diffusion and losses and not taking

into account parameter changes during a limited burn

time. Within the frame of this work there is not any

more much freedom in choosing any quasisteady state
parameter. Freedom remains only in such choices which

lead to a considerable increase in the toroidal magnetic

energy redquired.
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The lower end of the scaling at 0.1 GW is about the
EPR machine size and gives data which might apply to the
next generation of apparatus after the large Tokamaks

being planned currently. The data at the lower end thus

may be of interest for the definition of a supercon-

ducting torus magnet development program. The scaling

towards larger machines provides some additional information:

1.

An intermediate maximum field strength of
compared to 8 T leads to

smaller dimensions

possibly lower magnet cost

slightly higher centering force in the
magnet

still manageable conditions for taking
centering force

no difference in tilting force

higher wall loading to the extent that
in the circular case 200 W/cm2 are not
(with the present set of parameters in
case)

lower circulating energy in the plasma
field

lower Ohmic heating time

very small dimensions which may not be

about 12 T

toroidal

the

up to 5 GW

exceeded

the circular

poloidal

very high maximum magnetic field strength leads to

any more

compatible with a blanket of the thickness envisaged

markedly higher torus magnet energy

tough conditions for taking the torus magnet

centering force
high wall loading

The elliptical plasma cross section must have an
elongation at least of about 4 if an advantage in terms
of 8, and plasma density is expected. In the case of
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a'/a = 4 for any power the wall loading is higher than
in the circular case and except for very high power

levels the minimum toroidal magnet energy is larger.

4. In reality not the minimum energy torus magnets of
circular or elliptical cross section will be used, but
those with a force reduced cross section such as a

practical D-shape. Thus the energies shown are lower

limits. The choice of appropriate D-shaped magnets
fulfilling the space requirements of poloidal divertor
configurations and of accessibility and maintenance
will be limited by the fact that force reduction
couples the coil shape with the coil aspect ratio, 1
a relation which is already set by the overall geo-

metric scaling.

0f course, the considerations in this paper have to be
further refined and the effects of different y, g and Bpol
scaling will be evaluated over a broader range. Pre-
liminary calculations for Bpol = 1 have already shown that
the principal scaling behaviour remains the same but at

higher magnet energy levels for the same power.
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APPENDTIX

Here are some additional curves which originate from
compiling the material given in the main report.

Figs. 13 through 16 refer to the circular case and
i

the elliptical case with = 4.

i

1
Data for modest ellipticitiesusing Bt = [1 + (=)

NI

will be given in a following report.

kzB
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