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Abstract

We present an analytical and numerical analysis of a tokamak recactor with a set of imlical coils
added in order to eliminate plasma disruptions. A number of design options for the helical coils are
considered (resistive or supcrconducﬁng coils, placement internal or external to the toroidal field
magnets, continuous or modular coils, and type of winding law). The optimum helical configuration
is found to be a set of resistive, continuéus, ¢ = 2 siellarator coils which are internal to the toroidal
field coils. A set of scaling laws is then developed for this optimal configuration, and a series of
parametric scans are done with varying assumptions for the forces on the helical coils and the ratio
of llxclical coil transform to plasma transform (M").

We show that the option space available for reactor designs involves large forces on the helical
coils, low ¢ plasma operation, and moderately low M”. We¢ compare data from experimental devices
run in the tokamak-stellarator mode (JiPP-T-II and Pulsator) with ficld tracing data. There is good
agreement between the results of the experiments and the field line tracing. These resulls show that
too low a value of M" (3 to 5) will cause a destructive resonance interaction betwecn the plasma and
helical coil transforms. M" must be kept at moderately low levels (4 to 6), though, if the forces on
the helical coils and their power dissipation are to be accepﬁbly small. There is thus only a narrow
region in parameter space where an attractive reactor design can be built, and this region only exists

if the helical coils enable the reactor to operate in a low g regime (geqge = 1.5).




Under the above mentioned censtraints, an illustrative tokamak-stellarator reactor design is
developed. A modcrately large major radius isrequired, (R, = 14.31 m), since the external transform
scales as Rg. The large major radius allows for much higher flux storage in the OII coils (for the
same OH energy storage) than is found in conventional tokamaks, and burn times on the order of
10 hours appear feasible.

The illustrative design is based upon a remote maintenance scheme in which removable, modular
units of the reactor consist of: two toroidal field coils, sectors of hclical.coils, and sectors of the
blanket/shicld region and first wall. The resistive helical coils are water cooled and are clamped
togcether at the module interfaces. The helical coils are supported by a reinforcing structure external

to the helical coils and internal to the toroidal field coils.
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Chapter 1. Introduction and Summary

1.1 Use of Externally Supplied Rotational Transform in a Tokamak

There has been considerable interest in recent years in adding an external rotational transform
(¢) to the tokamak magnetic conﬁguratio;l. There is both theoretical(!) and experimental(®) evidence
that such an addition (with £ =~ .15) will prevent tokamak plasma disruptions, and thereby make the
tokamak a more attractive reactor concept. The external transform could also increase the reactor’s
Jél 'by allowing a lower ¢q operation.

In this report, we investigated the addition of stellarator windings to a tokamak reactor. A
detailed analytical and numerical investigation was made of an illustrative design. A number of
parametric studies were done, comparing the performance of helical coils in terms of winding law, ¢
number, pitch length, major and miﬁor radii, and current. The ability to combine the fields from
the helical coils with tokamak-reactor equilibrium fields (obtained from the PEST code) was then
explored, and a comparison made with present experiments (JIPP-T-1I and Pulsator). The engineer-
ing requirements of a tokamak—stell;rator reactor were evaluated, and an illustrative design was

developed. The overall attractiveness of the concept was then assessed.




1.2 Magnet Design Choices

A number of magnet design choices were made:

1) superconducting or resistive magnets,
2) placement of helical coils inside or outside the toroidal field coils,
3) continuous, demountable coils or modular coils,

4) geometry of helical coils (¢ numbér, torsatron or stellarator configuration, and winding law).

A resistive, continuous, ¢ = 2 stellarator winding internal to the TF coils was chosen as the
optimal helical coil system for adding external transform. The £ = 2 winding configuration was
foﬁnd to superimpose the ﬁxost external transform onto the ﬁlasma transform for fixed helical current,
and the stellarator configuration resqltgc_i"_in"a §maller‘ peak bending stress (a dominant constraint)
than an equivalent torsatron conﬁguratii;n. Superconducting helical coils were not used because
of the difficulties in assembling superconducting helices internal to the toroidal field coils. If the
superconducting coils were placed external to the toroidal field coils, the helical current wouldvbe on
the same order as the toroidal current (= 20 MA per coil), and a twisted toroidal field coil design
would be a better approach (there would be little advantage in separating the magnetic configuration
into separate toroidal and helical systems). A continuous coil dcsivgn (rather than a modular, dipole
coil design) was chosen because this feature greatly decreases the bending moments and torques tha£

act upon the helical coils due to their interaction with the toroidal field.




1.3 Scaling Laws and Engincering Constraints.

With the magnetic geometry chosen, it was found that the choices for vacuum, K (8, = Kj3/A),
B., (the toroidal ﬁeld.on axis), N (number of helical field periods), dissipated magnet power, and
total fusion power would determine the plasma and helical coil minor radii. The additional choice
of @, the average force/meter on the helices, determines the major radius. The reactor scaling is set

by the expression:

Z--q- Y Ho Lty 2
— N\reit/ \ 7 Ba

The helical current I, should be as low as possible, in order to minimize the forces on the helical coils
and the helical coil dissipative power loss. For fixed i, the necd to minimize the helical coil current I,
results in a design with low NV and ;] and with large major radius (R.). The forces on the helical
coils are inversely proporiional to t.he rl;ajor radius, so structural support requirements also favor a
large R,. Unfortunately, tokamaks with aspect ratio (large major radius and small r.,;;) tend toward
low wall loading and margin on ignition, due to the inverse plasma aspect ratio dependence of the
plasma (3. (The margin of ignition is defined as Tcmp/*rign. Temp is the energy confinement time given
by the empirical scaling law 7emp ~ naf, (n and a, being the plasma density and plasma radius,
respectively). Tign is the energy confinement time required for ignition at a given temperature). The

optimum choice for R, is determined by a trade-off among these differcnt scalings.




1.4 Parametric Studies — Low N and M*

It was found that an attractive reactor required a small number of helical coil periods (N/¢),
leading to low M” (the ratio of the helical coil transform to plasma transform). A large average
force/meter on the helical coils was also needed. The (force/meter) was found to be approximately
inversely proportional to the major radil.ls (R,) and thermal output (Puy) of the reactor, and high
forces (> 10 MN/m ) were found to be necessary to keep R, <X 20 m and M’ > 5 (the present
experimental limit on M"). The power dissipation requirements of the helical coils determined the
amount of copper needed by the coils, and thus influences the helical coil radial thickness and minor
radius.

* The M" < 5 regime was found neccssary for an attractive reactor. We have also found that the
average force/meter on the helices (@) must be = 10 MN/m for an attfactive wall loading and total
thermal power output. Analyses of tﬁe éllpport requirernents in Chapters V and VII show, however,
that @ =~ 10— 15 MN/m is a practical upper limit in the design of the helical coil support structure.
Thus the option space for an attractive reactor design is limited. ‘

A comparison was made between numerical ficld-line tracing and experimental results of JIPP-T-
II® on the minimum M obtainable in tokamak-stellarator configurations. There was good agree-
ment between the two results, JIPP-T-II showed that the plasma was unstable to tearing instabilities .
for M* < 5 and i****™ < 1, and the numerical analysis showed that the well defined flux surfaces

of a tokamak would be replaced by ergodic field lines for M* < 3 and v*cuwvm < 15,




1.5 Illustrative Design Parameters

A summary of the base design parameters is given in Table 1.1 . The tokamak-stellarator
reactor has a large major radius, even if t.he optimistic M* = 4 regime is assumed. In addition, one
must assume that the external transform would allow a low ¢ operation in order to achieve a high
fusion power density. For the base design, qedge was assumed to be 1.4 . The following constraints
were also picked: B,, = 6 tesla, P, = 3000 MW, helical coil power dissipation = 240 MW, and the
average force/length on the helical coils = 10 MN/m. This resulted in a major radius = 14.31 m,
a plasma minor radius a,, = 1.52 m, anq a helical coil minor radius = 2.50 m. The toroidal magnet
system was divided into 16 modular units, each consisting of two toroidal field coils and internal
helical coil segments. The performance of the helical coils ( 721 A/cm? ), was kept low in order to

minimize the dissipative power.

Figure 1.1 shows a side view of the illustrative design. Figure 1.2 shows a 30° elevated view of the
machine. This figure shows that the helical coils have a pitch length (the toroidal distance traversed
during one poloidal revolution of the coil) equal to 4 of the major circumference. The helical coil
sections are attached to a ring support system in which the peak bending stress is approximately ._
200 MPa. The module to module electrical connections are achieved w‘itﬁ copper inserts. Figure 1.3

shows a plan view of a module.

10




R,

apl asma

B,

B

Margin of Ignition
Wall Loading

Ppri mary
th

»
N, M
lezternal
| ]

Ihel iz

L,

Resistive Power Loss

Force on Helices

14.31 meters

v1.52 meters

6 tesla
5.3%

553

3.50 MW/m?

3000 MW

8,4

0.1

2.50 meters
291 MA
294 MA
240 MW
10 MN/m

Ilustrative Design Parameters
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The low current density of the helical coils will facilitate the demountable design of the joints

which join the modular helical segments together. Each of the helical coils carries a current of

2.91 MA (15 cables of 194 KA each). The helical coil support structure must allow sufficient access

for the joints to be bolted together. A detailed description of the support structure is given in
Chapters V and VIL

The plasma current of the base design was 2.94 MA, and the large major radius allows a much
higher flux storage in the OH coil (for the same OH energy storage) than is found in conventional
tokamaks with smaller major radii. Defining By, to be the peak field in the OII coil the OII energy
requirements of the base design can be written as Egy; = 1.7 GJ-tesla?/B%,,, and there are more
than 400 volt-seconds available during the burn (after start-up) for cach tesla in the OH coil. This
results in an ideal burn time of 5 hours~per tesla Bpyy, and thus actual burn times on the order of
JOIhours appear feasible.

The illustrative design brings out some interesting features of high aspect ratio tokamaks. In
addition to the potential for very long pulse lengths, the modular design of the magnet system
facilitates straight-forward replacement of the toroidal field coils and sectors. A remote maintenance
scheme can be based upon complete removal of a module containing two toroidal field coils; sectors

of the helical coils, and sectors of the blanket/shield region and first wall. The toroidal field coils

could have independent cryogenic systems, and could be supported by room temperature structure

through thermally insulating barriers. The cryogenic losses would be low.

12




1.6 Conclusions

Under an optimal set of physics and engineering assumptions, an attractive illustrative design
can be developed for a tokamak reacto.r with helical coils. The device would be an improvement
over the conventional tokamak in terms of its capability of disruption control, its capability for very
long pulses (=~ 10 hours), and its capabi.lity for operating at lower g and higher values of 8. The
device would also have a completely modular design. While it is larger than a conventional tokamak
reactor, it is smaller than stellarator or torsatron reactors (which have proposed major radii of 20
to 30 meters).

The design space for the tokamak-stellarator reactor is very sensitive to the allowed values of
M* (M" = gwinding fpplasma) g 4t the plasma edge, and the forces on the helical coils. If larger values
of M" and ¢**%¢ and smaller helical forces are necessary (compared to the base design assumptions),
the reactor becomes very large and ﬁnéttracti\}e. The allowable force/meter on the helical coils is
severely limited, compared with the forces allowed in a typical tokamak or torsatron design. In a
tokamak design, the coil forces do not produce the large bending moments as they do in a tokamak-
stellarator design. In a torsatron design, the massive coil support structure need not be contained
inside the bore of a TF coil system, and furthermore, there is no external toroidal field with which
the helical coils interact. The twisted toroidal field coil reactor (that is, a modular stellarator design) .
may also have stringent limitations on the allowable forces on the coil structures, due to the torqués
and bending moments these forces will create on the twisted coils.

If the tokamak-stellarator device could be designed with the average force/length on the heli-

cal coils (Q) equal to 30-40 MN/m, an attractive reactor could be built with experimentally and

13




theoretically justified physics assumptions (M* > 5, ictternal > (15, ¢¢19¢ > 2.5). There does not
appear, however, to be.a way to support such loads inside the TF coils effectively. In order to obtain

an attractive reactor design with @ == 10 MN/m, low q operation (¢g°*9¢ ~ 1.5) must be assumed.

14




FIGURE 1.
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FIGURE ‘1.2
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Chapter I1. Coil Geometries of Tokamak-Stellarator Reactors

In this chapter, we discuss the advantages and disadvantages of various coil designs, and show
that a resistive-coil, continuously wound, demountable helical magnet system located inside the

toroidal field coil bore is the most practical magnet configuration for a tokamak-steilarator reactor.

2.1 Helical Coil Configurations

The helical geometry is illustrated in Figure 2.1 . The magnetic field produced by a set of ¢

helical coils in a straight (cylindrical) configuration is(!):

oo
B,=B; Y Cuml(k rcon)K’m([rrw(k rcoﬂ)]_[’"m[me(k r)] sin(mta)

me=l]

I

[« ¢} r .
By =By, E Cmrrw(—?;ﬂ) ’me[mék rcoil]l,,,,g[rrw(k r)] cos(mla)

B — BZ.(I . i Crnml(k 1o oi)K", w[me(k rcoil)]lnw[me(k f)] coS(mia)) |

m==1

where

C — 2sin{mnf,)
mxf,
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HELICAL COIL GEOMETRY
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I'and K are the modified Bessel functions of integer order

Jo = total fraction of the r = r ;) surface that is covered by ¢ windings

p = pitch length of coils (axial distance covered during one poloidal revolution of coil)

2nZ

p

A cylindrical stellarator field is composed of two sets of £ windings (carrying helical currents
I, and I, in opposite axial directions and having opposite signs for Byz), plus an additional B,, field
from axial field coils. A cylindrical torsatron field is composed of one set of £ windings (each carrying
helical current I} = I, with I, = 0), and additional axial field coils are optional since there is a net

Bz from the helical coils.

21




2.2 Choice of ¢ number

. Keeping only the lowest order terms of the Bessel series, the rotational transform ¢ per winding

period may be expressed as:

. 2
_ ¢—1 —af B
‘winding period = ~(kr)* 1(@;)

where

_ kbt —h) 1
PB:  (kreei)

By
B,
This approximation is valid when:
1)2<¢ <5,
2) kr < 1, and
3) kreoi K 1.

The number of field periods in a toroidal configuration is:

N =B e
P
with R, = major radius of coils.
The number of winding periods is:
27R, {V_
p ¢

The average rotational transform over the torus is thus:




do

L= (@) = lwinding period ’ N/t

<0

=k O D e (B

where

By  Npy,(hi—h) 1

B,, - 2mR, B, (kreoil)

After some algebra, ¢ can be expressed as:

e =1( r \'(p Rl —R)Y
~ Nrt Teoil 27 B.,

We are now in a position to optimize our choices for £ number and I,/L. For fixed I, L, B,,,

N, and R,, we want to maximize ;. We therefore find the £ number that maximizes the expression

()"

r/7coil ¢ value that maximizes
(e — 1)(r/reoi)™
0.0 = .47 2
47 = 61 3
.61 = .69 4
.69 = .75 5
Table 2.1
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There is both theoretical® and experimental® evidence that the external transform must exist
near the magnetic axis in order to damp disruptive instabilities, so £ must be << 2. As will be shown
later, aplasma/rcoil will be < .5, so, from Table 2.1, £ = 2 clearly adds the most transform, averaged
over the plasma cross section. In addition, a higher ¢ number implies more windings, poorer access
and, if resistive helical coils are used, a larger dissipative power loss. Therefore, £ = 2 is the optimal
choice for the helical coils.

The £ = 1 case was discarded for several reasons. An £ = 1 coil con'figuration would have a
magnetic axis with a large helical pitch, as opposed to £ = 2 configurations where the magnetic axis
lies on the minor axis. It would.thus be impossible to center the helical transform of an £ = 1 coil
conﬂguration onto the plasma transform. Also, the vacuum separatrix of an £ = 1 system is smaller
and more highly elongated than the separatrix of an £ = 2 system. There is also a large unbalanced
translational force with an ¢ = 1 configuration which is not present for £ > 2 configurations. For

these reasons, an £ = 2 system was chosen to be superior to an £ = 1 system.

2.3 Magnet Design Options

We now address the question of whether the helical coils should be resistive or superconduct-
ing. The helical coil geometries (illustrated in Figure 2.2 and 2.3) can be divided into four general

categories:

24




1) modular, twisted TF coils, |

2) dipoles placed between the TF coils which are arranged to excite helical harmonics
in the magnetic field, and

3) continuous helical windings inside or outside the TF coil bore.

4) a dragon configuration of TF coils,

The twisted toroidal field coil systems(*:3) are currently being investigated at Wisconsin, Los
Alamos, Princeton, and Carching. The system shows promise, though structural support and access
remain difficult questions in the twisted coil reactor concept. We have excluded the twisted TF
coil concept from our evaluation of tokamak-stellarator reactors because this approach is being
investigated elsewhere and because it is beyond the scope of this report to address the above ques-
tions adequately. Similarly, we exclud;a the dragon configuration from our evaluation, since its
physical characteristics are still largely unexplored. A figure-8 stellarator is an example of a dragen
configuration, and a representative i]lustr;tion the of the dragon magnetic geometry is given in Figure
2.3 . As with the twisted TF coil configuration, support requirements for a dragon configuration will

be substantial.

24 Use of Superconducting Coils

The use of superconducting dipoles placed between the TF coils (in order to excite helical har-
monics) does not appear to be feasible. Froin the expression for i, we see that I is proportional to 1/N
so long pitch lengths are most suited for adding transform. Also, the amount of added transform

scales approximately with the square of the percentage of the complete (classical stellarator) winding
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FIGURE 2.3 .
HELICAL AX1S ('DRAGON") COIL - GEOMETRY
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present. By placing the dipoles only on the oﬁtboard side énd only between the toroidal coils, only
about a third of the complete stellarator winding could be present. By comparing this to the base
design given in Chapter IV, we can see that the dipole current would be in excess of 10 MA. This
would result in an average force/length along the dipole of > 50 MN/meter, and, more critically,
result in an unbalanced torque on ea'ch dipole of > 200 MN-meters. This torque is two orders of
magnitude above what could reasonably be supported.

The placement of superconducting dipoles external to the TF coils and with complete coverage
must also be discarded. Due to the increased distance from the plasma axis, the required helical
current could again be in excess of 10 MA, with large torques and unbalanced» forces due to the
dipgle-dipole interactions. In general, once the helical current becomes comparable to the toroidal
field coil current, the twisted toroidal field coil geometry becomes more practical, since there is then
no reason to have two separate coil systems.

The use of continuous helical windir;gs (the classical stellarator winding configuration) precludes
the use of superconducting hel’ical coils, since fabrication and access problems with the supercon-
ducting helical and TF coils nested within each other made the reactor unfeasible. We therefore
conclude that the résistive, continuously wound coils are the most appropriate choice for the helices
in a tokamak-stellarator reactor. Resistive helical coils can be constructed with joints that facilitate

mounting and demounting.

28




2.5 Resistive Magnet Design Options

We now decide whether to make the resistive, continuous, helical coils external or internal to
the TF coil system. From the equation for i, we see that, for £ = 2, [ scales as "c_o,il -I2, so placing
the coils external to the TF coils results in a large increase in helical current. In the base design, the
internal helical coils have a minor radius of 2.50 meters, and [, = 2.91 MA. If the helical coil minor
radius were increased to 6 or 7 meters in order to be external to the TF coils, the helical current
would be about 30 MA, the helical coil - helical coil interaction would bé a factor of 100 greatér
than with the base design, and the amount of copper needed to make the associated resistive load
of 10'° Amp-meters equal to 306 M Welectric i8 60 thousand tonnes. The reason the helical coils can
not be located closer to the plasma is that the factor of ten increase in the helical current results
in a factor of 100 increase in the cross—sectional area of the helical coils in order to maintain the
same power dissipation. The large radial thickness of the coils (several meters) thus results in a large

minor radius for the current centroid. Clearly the external coil design is not feasible.

2.6 Stellarator versus Torsatron Configurations

In a classical stellarator, there are 2 £ helical windings with the current in each winding in the
reverse direction from the two nearest neighboring windings, and I; = —5. In a classical torsatron,
there are ¢ helical windings with the currents flowing in the same direction, with I; = I, and I, = 0.

The torsatron configuration has the following advantages:

29




1) The forces between the helical coils diminish if the coil pitch length is near 27700l

2) The number of helical windings is half that of a stellarator configuration, hence there is

increased access with the torsatron coils.

3) The torsatron windings add a net toroidal field so the toroidal field coil current can be reduced.

On the other hand, the stellarator configuration has these advantages:

1) The current per stellarator coil (i:or fixed i) is half that of a torsatron coil, resulting in a 28%

decrease in the peak bending stress on the coil support structure (see Chapter V).

2) There is no net magnetic dipole moment or net vertical field associated with the stellarator
windings. Thus the current requirements for the equilibrium coils are less with a stellarator

configuration.

3) There is some computational and experimental evidence® (comparing Wendelstein VII-A .

and Heliotron-E) that an ¢ = 2 stellarator*produces a slightly larger vacuum separatrix than
~and¢ = 2 torsatron, though separatrix size and elongation are strong functions of pitch length,
helical current, and winding law, and the interrelationship of these parameters with the ratio

I,/ I remains largely unexplored.
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In Chapter V, the forces between the hélical coils and the toroidal field will be shown to be a
dominant constraint in coil design, while the helical coil - helical coil forces are comparatively small
and access does not appear to be a problem in £ = 2 stellarator designs. Thus the stellarator current
configuration (with I} = —I,) was chosen as optimal.

One final option that remains to. be considered is the use of resistive toroidal field coils in order
to have the helical coils external to the toroidal field coils and still have the helical coils relatively
close to the plasma surface. An ar;alysi's of this concept is given in Chapter IV, where the distance
between the plasma surface and the helical coils was 1.5 meters. The analysis shows that a resistive
tokamak-stellarator reactor would be at best a marginal machine, if optimistically low aspect ratios

for the helical coils could be assumed.
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Chapter I1I - Physics and Engineering Reactor Constraints

3.1 Physical and Engincering Constraints

We will now set the following physical and engineering constraints:

1. vacuum i,

2. K3 (B = Kp/A),

3. B;,, the toroidal field on axis, -

4. ¥, the dissipated magnet power/fusion power, and

5. @, the average force/meter on the helices,

and show that the additional choice of total fusion power dctermines all other reactor parameters
(wall loading, margin of ignition, major radius, plasma and helical coil aspect ratios, helical current
and current density).

Setting £ = 2 and I} = —L = I, the rotational transform i can be written as:

= 5_(_1_)“(@&{@)2
N rcoi] T Bzo
There is both theoretical(!) and experimental® evidence that i should be =~ .15 in order to

prevent disruptive instabilities. Setting £ = .15 C,, the expression for I becomes

.48\/0016(-—345—-) — R,

tesla - meter Bzor%,oil




3.2 Resistive Power Losses of Helical Coils

The coil shape should be chosen so as to minimize Tcoi] 2nd the ohmic power loss. This implies
that the percentage of toroidal surface area covered by the coils (f,) should be as large as possible.
From previous studies(!), it has been shown that the external transform begins to rapidly decrease
when f, > 30%. We therefore pick f, = .3 for the analysis. The helical coils are illustrated in Figure
3.1, and are defined to have a radial thickness ¢, a thickness perpendicular to r termed b, and a total

length of:

.. : W\ 2
length = 2 ¢ (S) 27 R, \/1 + (%%‘ﬂ)
0

where S represents the extra length due to deviation from the sinusoidal winding law (S always >1).
For the £ = 2, low N cases considered in this study, we picked length = 27 R, as the approximate

length of all winding systems. The breadth of the coils (b) is :

torus surface area = 47"2rcoilRo

o __ length-b
f=3= dn2r oi1Ro
b= 44r.

The resistivity of the coils p was approximated as 3 - 1078 ohm-meter, averaged over the copper

conductor and cooling channels. The total resistance of the helical coils is then:
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FIGURE 3.1\

HELICAL COIL PARAMETERS




- length
(_p)__e&_ = 1.841 - 108 ohm—-meters R,

Resistance =
b-t Teoil t

The ohmic power dissipated in the magnets is:

2
Bz coil

. 2
Dissipated Power = I? X Resistance = (.48\/ CoN ) X Resistance

0

_ AUCNB risi MW

Rt

3.3 Margin of Ignition and Constraints on g

The margin of ignition for a fusion reactor is defined as Temp/Tign. Tign is the energy confinement
time required for ignition at a given temperature, where ignition is the state of a self sustaining
plasma burn. Temp is the energy con,ﬁn;ament time. For a tokamak it can be expressed by the
empirical scaling law 7emp ~ na%. The margin of ignition (MI) for a tokamak reactor méy be

expressed as(¥);

p}Bgoaf, = L5 (MI)

with

K
b=~

a, == minor radius of plasma
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B., = toroidal field on axis

The maximum allowable value for K is determined by 1) the force balance between the plasma
pressure and vertical field, and 2) the MHD activity that might arise between a high internal plasma
transform and a low N number helical coil system. We now analyze' both constraints.

There exists an outward force on the plasma loop due to the fact that there is more surface area

on the outboard side of the plasma. This additional surface area may be expressed as:

’ 27 8,
Area = / d¢ / R(0)a,d0
[ o1

with

R(6) = R, + apcosf
dr = a,df

The difference in area between the outboard side and inboard side is:

¥
a?, cos9df — 2n [ af, cosf0do

1
AArea = 21r/
- 3

i

_ 2
= 81ra.p

The force balance between the plasma pressure and vertical field is:
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with

Substituting, we obtain:

Forcesora = 2nRol,Byert = 87a2 Y nik,T;

J

Loy

aB
Bvert = 7rR: ﬂp

_In addition, Byer¢ must balance the bursting force of the plasma current loop. By er¢ must be

much less than B, so as not to unravel the rotational transform at the plasma edge. This sets a

maximum pratical limit on g,.%)

Therefore:

&

prer <

$ |

K;inaz < (iedge)2

There is a second constraint on Kj arising from the need to keep the plasma rotational transform

less than the helical coil transform. This requirement can be expressed as:

%’_ ('Iaxis > M
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where M" is the safety factor necessary to supress MHD resonance behavior between the internal and

external transform. The minimum acceptable value for M" is unknown, but there is experimental

and numerical data (which will be presented later in this report) that M;ninimum = 4 to 6. Setting

N ¢@%i8 — ¢M", we can express Kj as:

axis \2 2
6= (56 ) el i)
qedge max \ £2M*2

Picking as a practical maximum limit

( qaxis )2
=.5,
qedge max

the expression for K3 becomes:

. 2
=iz
2\em?
for N < ¢M'. For N > (M", K3 still has a maximum value = .5, otherwise the ¢ = 1 surface

approaches the plasma edge and Kruskol — Shafranov screw instabilities occur. Assuming the highest

practical internal transforms (g,4is = 1, Gedge = V'2), we get:

2
Kg=.5 X min(l,( N ))
M?

This equation shows that the optimum choice of N is: N = ¢M"*. Even though engineering

problems are eased at lower N, the fusion power density is ~ 2 ~ K ?3 ~ N4, and the sharp drop-

off in power density for low N is the dominant consideration. For example, if EM* = 10,an N =6
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system would have only 13% the fusion power density of an N = 10 system. This constraint will

be analyzed in more detail in Chapter IV.

3.4 Reactor Power Balance

The primary fusion wall loading (assuming the plasma is operating at the pressure minimum

for fixed power output, T; = 15 KeV is (for a, ~ awall):

Wall Loading (no multiplication in blanket) ~ (.643?Ba,) MW /m> [ST units]

96(MI)

~

MW /meter
%plasma

The total output of primary fusion power is:

Pihermal = 41r2Roa,, - Wall Loading

= 37.9R,(MI) MW /meter

The ratio of ohmic power dissipated in the helical coils divided by the primary thermal power

(F) is:

_ 424G N B, 31 / (Rot)
37.9 R, (MI)
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For an economical reactor, & must be < .1, we thus present four constraints on the tokamak-

stellarator reactor:

i=_15C, (C, =~ 1)
Kp = .5C @ <1
B,, = 10 tesla -G, (G <1)
F = .1C; <)

Table 3.1 — Constraints on the tokamak-stellarator reactor

It is assumed that Nb3Sn superconductor can produce up to 10 tesla at the plasma axis.

3.5 Constraints on Plasma and Helical Coil Minor Radii

The expression for ¥ can be written as:

_11.2C,NCH
ST T RYMIL

The equation for (MI) may be written as:

C2C4at '
‘R.fa" — .0006(M1)
o

We can eliminate the expression R? (M) and get:

00672C,N73 ;)
3 ==
1CC3al
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Setting r.q;] = ap + AS + 1t, (Where AS is the void and blanket thickness between the plasma

edge and helical coil), we get:

A = [(906T2CN 1/4
*=\"1CICIC;

3/4

ap = Aot ol

3/4 1
Teoil = Ao el + (A5 + 51)

Thus, a, and r ;) are set by the c};oices of AS and t. In this study, we picked the minimum
value of AS = .8 meter, allowing a .2m void and a .6m blanket between the first wall and helical
coils for breeding and heat removal. The choice for coil radial thickness ¢ will be shown to determine
the total power output of the reactor. Smaller ¢ increases dissipative power losses. For fixed ¥, this

implies an increase in fusion power.

3.6  Forces on Helical Coils and Constraints on Major Radius

The force per meter on the helical field due to the toroidal field is an important design con-

sideration. This average force per meter can be expressed as:

< F/meter >= I, B,,sin (pitch angle)
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This force is primarily in the minor radius direction, radially outward for the helical windings
carrying current in the direction of B;,, and radially inward for the opposing pair of helical windings
carrying current in the opposite toroidal direction. The pitch angle is the angle between the direction

of the helical current and the toroidal direction.

F I,B:,
mef,er . ( Rt )2
TeoitN

The maximum allowable force/meter is set by structural support requirements. The torques on
the helices are large, and must be supported externally. In our parameter scans we will examine
systems from 2 to 16 MN/meter, with the base design having a load of 10 MN/meter.

We thus have:

MN

Q= =4 ——— . = o Sin(pi
(force/length) = 4 ——— Cy = I,B,, sin(pitch angle)

Substituting, we obtain:

g
TeoillV

2
()
TeoilV

__ 14C,NCiric
Cr = &

2
R? +R;}( ) = 144C,NCiré.i1/C3
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o \/\/——1-1—4&0,—— 1
0 4,

3.7 Summary

It can now be seen that the choices for 2, K, B, F, @, and ¢ (the helical coil radial thickness)

determine the following reactor parameters:

1) wall loading,

2) margin of ignition,

3) major radius,

4) plasma minor radius,

5) helical coil minor radius,
'6) helical current,

7) helical current density, and

8) total fusion power.

At constant ¥, the total fusion power is approximately proportional to 1/¢, so we can replace ¢ with
Py, in the list of constraints needed to determine the reactor parameters. In Chapter IV, we will pick
a set of constraints that result in an attractive power reactor, and illustrate how changes in each of

the constraints affect the reactor design.
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Chapter IV - Parametric Scans

4.1 Physical Assumptions

In order to get an attractive base design for the tokamak-stéllarator reactor, the following

optimistic assumptions were required:

1) K5 = .5 (a factor > 2 above current tokamak reactor designs (e.g. in STARFIRE(®), Ky =
.19)). We assume that the addition of external transform will enable the reactor to operate

at a very high total transform (g898¢ = 1.4).

2) We assume flat profiles of temperature and density within the plasma volume. While the
peaking of 8 at the plasma axis will result in an enhancement of the fusion power, the clon-
gation and helical shaping of the plasma flux surfaces will result in a smaller plasma radius

and thermal power output. We assume these effects approximately cancel each other.

3) M = 4 (M" = ratio of helical winding transform/plasma transform). As will be shown in
Chapter VI, current experiments on JIPP-T-II show M ;ninimum = 5 for no MHD disruptions,
and a numerical analysis shows M ;.. ~ 3 for no island formation and no ergodic field

lines near the plasma axis.

4) (@) = 10 MN/meter. The bending stress imposes the most severe constraint on the support
structure, and is approximately proportional to (@). This stress is transmitted to a ring support

system external to the helical coils, which must be sufficiently rigid in order to withstand the
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elliptical deformation.

5) gezternal — 1, This is the lower limit (both theoretically and experimentally) for the external
transform to be an effective control of plasma MHD instabilities. Tables 4.3 and 4.4 show the
changes in the reactor parameters that would occur if %" = .15 were required, rather

than 7t = 1 .

4.2 Description of Base Design

In the optimal base design, we set 12*4™ = 1 (@) = 10 MN/meter, Kz = .5, M* = 4, and
set 'the wall loading by using the oplimization algorithim shown in Figure 4.1 . This results in a
base design with B., = 6 tesla, ¥ = .08, P{’,{“"“”’ == 3000 MW, and a primary wall loading of 3.50
MW /m2, o

The major radius of the base design is 14.31 m. STARFIRE, which has a comparable wall
loading and a primary thermal power ~ 3500 MW, has as its characteristic machine dimensions for
its reactor envelope a height of 28.6 m and a diameter of 33 m. The power to system volume ratio is
about 300 KW,,/m?. The power to volume ratio of the tokamak-stellarator is about 250 KW, /m3.
This value could be raised by decreasing the percentage volume of the helical support system, which .
would occur with an increase in R,. A general finding of this study is that the cost per kilowatt
remains acceptable as R, is increased, but the total fusion power rises rapidly to unacceptably largé
values (Py, > 5000 MW). With constant wall loading, Kpj, and B,,, we find that P, is proportional

to R3/3, so the range in R, that is of reactor interest is limited to R, << 25 meters.
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Table 4.1 shows the variations in majof radius R,, the wall loading, and K3 as N is varied
(keeping M" = 4, Py, = 3000 MW, i = .1, and @ = 10 MN/m). It is instructive to see how it is not
possible to lower both N and Kj; in order to reduce R,. The sharp drop in K results in a net loss
in wall loading and a larger R,. The scaling of K3 ~ N? (for N/¢ > M") shows that the optimum
choice for N is:

N =¢M°,

agreeing with the argument presented in the preceeding section.

N K R, Wall Loading
11 S5 1982 m 2.33 MW/m?
10 .5 1797 m 2.63 MW/m?
9 .5 16.13 m 3.01 MW/m?
8 .5 . 1431 m 3.50 MW /m?
7 .383 15.29 m 2.82 MW/m?
6 .281 16.70 m 2.16 MW/m?
5 195 18.79 m 1.55 MW/m?

Table 4.1 — Parametric Scan of N versus R,

Tables 4.2A to 4.2G illustrate the changes in the base design that would occur with the change
of each constraint. The quantity h - 2t, is the radial thickness of a representative helical coil support
structure needed to support the bending stresses. An analysis of the support structure requirements

is given in Chapter V. Tables 4.2A to 4.2G also illustrate that there is the sharp drop in the wall




loading for decreases in Kj3, (@), Py, and 1/M". Failure to -meet any of their values in the base

design would have a large detrimental effect on reactor viability.

The parametric scans also show the the required value of external transform has a large effect
on the wall loading and major radius (sce Table 4.2A). If a tokamak-stellarator reactor were ever

built, it would be worthwhile not to add more external transform than was necessary.

Table 4.2B, along with Table 4.1, shows that the K3 = .5 regime must be reached for the
tokamak-stellarator reactor to become attractive. If the current tokamak design parameter of Ky =
.2 were used, the tokamak-stellarator would have a larger major radius and a much lower wall
loading.

Table 4.2C shows that the major radius can be decreased by lowering the toroidal field, the
main disadvantage being a decrease in the wall loading. If the base design had an axis field of 4 tesla
rather than 6 tesla, the major radius would be reduced by 9.85%, while the wall loading would be

reduced by 24.3%.
Table 4.2D shows that a higher ohmic loss in the helical coils will decrease the major radius. If
the ohmic loss were increased from 240 MW to 360 MW, the major radius would decrease by 5.6%.

Table 4.2E shows that wall loading, major radius, and margin of ignition all scale favorably
with an increase in Q. Several additional force loads (such as the helical coil — helical coil interaction)
have been optimistically neglected, so the @ = 10 MN/m limit is probably a reasonable one. The
force requirements are discussed in detail in Chapter V.

Table 4.2F shows that the major radius is near its minimum for Py, = 3000 MW, and the

associated wall loading is acceptably large.
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Table 4.2G shows how critically the reactor parameters depend on M*. If M* = 6 (rather than
M* = 4) were necessary, the major radius would increase by 52%, the margin of ignition would

decrease by 34%, and the wall loading would decrease by 41%.
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|
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<WALL LOADING > 3 M /m
| $ NO

INCREASE B, TO 10T

'

(WALL LOADING > 2.5 Mw/m*  »T=S

-
$ NO
INCREASE Py TO 4000 MW
~ QWALL LOADING > 2 Mw/m} > YES -
$ NO A

INCREASE Py TO 5000 MW

FIGURE 4.1

OPTIMIZATION ALGORITHIM USED
IN PARAMETRIC SCANS
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Constraints

Lezternal 05 075 1 15 2
Kp 5

B., (tcsla) 6

G 08

@ (MN/m) 10

Pprimery (MW) 3000

N, M 8,4

Paramecters

margin of ignition 7.93 6.44 5.53 4.42 i
wall loading (MW/m?) 548" 423 3.50 2.64 212
t (meters) 201 284 367 536 17
Bplasma (MEters) 139 146 1.52 161 1.68
Teoit (ICteTS) 2.29 240 2.50 2.67 2.84
R, (meters) 9.99 12.30 14.31 1792 21.32
Thetiz (MA) 2.47 271 291 3.25 3.55
(N etic (A7cm?) 1219 902 721 515 397
h + 2t, (meters) 1.02 1.01 1.02 1.04 1.08

Table 4.2A — Parametric Scan of &
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Constraints

Lerternal d

K 281 383 5 633 781
B., (tesla) 6

¥ .08

@ (MN/m) 10

Pg)":imary (MW) 3000

N, M* 6,4 7,4 8,4 9,4 10,4
Paramcters

margin of ignition 474 5.18 5.53 5.83 6.07
wall loading (MW/m?) 2.16 2.82 3.50 4.20 491
t (meters) 465 406 367 338 317
plasma (Meters) 211 1.76 1.52 1.33 119
Feoit (meters) 314 277 2.50 2.30 215
R, (meters) 16.70 15.29 14.31 13.59 13.05
Thetiz (MA) 3.39 312 291 275 2.62
($netiz (A/cm?) 529 630 721 804 877
h -+ 2t, (meters) 122 110 1.02 95 89

Table 4.2B — Parametric Scan of K
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Constraints

Lerternal 1

Kj 5

B.. (tesla) 4 5 6 7 g

g 08

@ (MN/m) 10

Pprimery (MW) 3000

N, M 8,4

Parameters

margin of ignition 6.14 5.82 5.53 5.26 5.01
wall loading (MW/m?) 2.65 3.10 3.50 3.83 4.12
t (meters) 382 369 367 370 378
Gpiasma (MCtErs) 222 1.80 1.52 1.32 1.17
Teoit (MCLETS) 321 2.78 2.50 2.30 2.16
R, (meters) 12.90 13.60 1431 15.04 15.80
Thetiz (MA) 3.54 3.16 291 274 2.61
(Fpetsz (AZcm?) 657 699 721 729 728
h + 21, (meters) 1.36 1.14 1.02 93 87

Table 4.2C — Parametric Scan of B,,
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Constraints

lezternal | 1
Kp S5
B,, (tesla) | 6
¥ 04 06 08 1 12
Q (MN/m) . 10
Plrimery (MW) 3000
N, M 8.4
Paramcters
margin of ignition 454 5.20 5.53 5.73 5.86
wall loading (MW/m?) 273 324 3.50 3.65 3.76
t (meters) ' 872 516 367 284 232
@plasma (Meters) 160 1.54 1.52 1.51 1.50
Teoqt (Meters) 2.83 2.60 2.50 2.45 241
R, (meters) 1743 15.22 14.31 13.82 13.51
Bhetiz (MA) ' 3.06 295 291 2.88 2.87
(M netiz (A/cm?) 282 501 721 942 1163
h 4 2t, (meters) 115 1.05 1.02 99 98

Table 4.2D — Parametric Scan of &
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Constraints

lerternal B

Kjs S

B, (tesla) 6

] 08

Q (MN/m) 4. 7 10 13 16 -
pprimary (MW) 3000

N, M’ 8,4

Parameters

margin of ignition 293 430 5.53 6.68 1.77
wall loading (MW/m?2) 1.58 2.55 3.50 443 5.35
t (meters) 245 310 367 420 473
Qplasma (MCLETS) 1.78 1.62 1.52 1.45 1.39
?eoit (mcters) 270 257 2.50 246 243
R, (ﬁctem) 27.05 18.40 1431 11.85 10.18
Lei: (MA) 1.80 239 291 3.39 3.86
(N petiz (AZcm?) 618 682 721 147 764
h + 2t, (meters) 47 T2 1.02 1.34 1.72

Table 4.2E — Parametric Scan of @
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Constraints

Table 4.2F — Parametric Scan of Py,

57

lezternal A
Ks S
B., (tesla) 6

g .08
@ (MN/m) 10
Pprimary (MW) 1000 2000 3000 4000 5000
N, M 8,4
Parameters
margin of ignition 1.84 3.90 5.53 6.92 8.15
wall loading (MW/m?) 1.53 2.77 1.50 4.01 4.40
t (meters) 1.10 523 367 291 245
Gplasma (MCtETS) 115 1.35 1.52 1.66 1.78
Teos1 (Ineters) 251 241 2.50 2.60 2.70
R, (meters) 14.34 13.52 1431 15.25 16.18
Thetic (MA) 291 2.87 291 2.96 3.00
(7 hetiz (A/cm?) 240 516 721 888 1031
h 4 21, (meters) 111 1.02 1.02 1.02 1.04




Constraints

Table 4.2G — Parametric Scan of N , M"*

58

lesternal 1
K3 S
B, (tesla) 6
¥ .08
@ (MN/m) 10
PPrimery (MW) 3000
N, M’ 4,2 6,3 8,4 10.5 12,6
Parameters
margin of ignition 11.05 7.39 5.53 441 3.65
wall loading (MW/m?2) 8.30 5.02 3.50 263 2,08

 t (meters) 250 311 367 a7 0.465
Aplasma (INCLETS) 1.28 141 1.52 161 1.68
Teos1 (Meters) 220 2.37 2.50 2,62 272
R, (meters) 7.17 10.71 14.31 17.97 21.68
hhetiz (MA) 3.18 3.02 291 2.83 277
(3 Vnetiz (A/cm?) 1316 929 721 590 499
h <+ 2t, (meters) 88 .96 1.02 1.07 111




4.3 Helical Coil Transform and Support Requirements

In Tables 4.3A to 4.3K we show how the optimal design would change for different values of
(@) and M", if an external transform of .1 were necessary. Tables 4.4A to 4.4K show a similar
parametric scan for an external transform of .15 . The algorithim used to optimize each case of
the parameter scans is described in Figure 4.1 . M is varied frém 1to 6, and (force/meter) on the
helices is varied from 2 MN/m to 16 MN/m. The primary result is that the attractiveness of the
base design is strongly dependent on achieving M = 4 and (@) = 10 MN/m, and a failure to mect
these requirements will result in a much larger reactor size and a large decrease in the wall loading.
For example, if M* =6, [ = .15, énd Q = 8 MN/m were necessary for the base design (rather than
M"=2,1= 1, and @ = 10 MN/m), the major radius would increase 1519, to 35.87 meters. A
major goal in the tokamak-stellarator design is to raise the wall loading to a regime of economic
interest (2 — 3.5 MW /m?) while still keeping the major radius and total fusion power acceptably
small (R, < 20 m and Py, < 4000 MW,,). The scalings of the optimized major radius R, and margin
of ignition versus @ and M" are illustrated in Figures 4.2 to 4.5 . Further experiments with tokamak-

stellarator devices at low M"(M" = 4 to 5) are needed to ascertain if such a goal is realizable.
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Constraints

Lexternal 15 A5
Ks S S
B., (tesla) 5 3

¥ .05 035
@ (MN/m) 2 4
pprimary (M W). 3000 3000
N, M 2,1 2.1
Parameters

margin of igﬁition 6.30 9.56
wall loading (MW/m?) 343 3.46
t (mcters) 211 426
Gplasma (MCters) 1.76 2.65
rcoit (Meters) 267 3.66
R, (meters) 12.57 8.28
Thetiz (MA) 1.92 3.30 .
(M hetiz (A/cm?) 776 481
h 4 2 ¢, (meters) 30 58

Table 4.3A — Optimal Reactor Parameters forz = .15 and M =1
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Constraints

l;zternul 15 15 15
Ks S 35 S
B., (tesla) 8 5 3 )
¥ 1 04 03

@ (MN/m) 2 4 8
Pprimary (MW) 3000 3000 3000
N, M’ 3,15 3,15 3,15
Paramcters

margin of ignition - 419 6.23 9.63
wall loading (MW/m?) 3.30 338 3.50

t (meters) 129 449 903
Gplaama (MCtETS) . | ) 1.22 L.77 2.64
Tcoil (Meters) 2.09 2.55 3.90
R, (meters) 18.89 . 12.70 8.22
heiz (MA) 1.53 2.55 4.60
(Nheriz (Acm?) 1298 463 297

h + 2t, (meters) 27 45 1.20

Table 4.3B — Optimal Reactor Parameters fori = .15 and M* = 1.5
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Constraints

lezternal 15 15 15
Ky 5 5 5
B, (tesla) 10 8 4

¥ 1 05 045
@ (MN/m) 2 4 8
Pprimary (MW) 3000 3000 3000
N, M 4,2 4,2 4,2
Paramcters

margin of ignition 301 4.36 7.56
wall loading (MW/m?) 272 3.47 345
t (mcters) 155 434 636
Qplasma (Meters) 1.06 1.21 2.11
Yeoil (Meters) 1.94 223 322
R, (mcters) 26.29 18.13 1047
haiz (MA) 1.37 2.10 381
(Mhetiz (A/cm?) 1041 493 423
h 4+ 2t, (meters) 26 42 99

Table 4.3C — Optimal Reactor Parameters forf = .15 and M == 2
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Constraints

Lexternal 15 15 15 15
K; 5 5 5 5
B, (tesla) 10 8 5 28

F 1 1 07 04
@ (MN/m) 2 4 8 16
Prrimary (MW) 4000 3000 3000 3000
N, M* 5,25 5,25 5,25 5,25
Parameters

margin of ignition 3.03 3.89 6.32 10.14
wall loading (MW/m?) 2.38 3.00 3.44 348
t (meters) 137 219 425 1.379
Qplasma (MEtETs) 1.22 1.24 1.76 2.80
Teoi (Meters) 2.09 2.15 2.78 429
R, (meters) 3485 20.36 12.52 7.81
Lietiz (MA) 1.35 1.96 3.30 7.07
(3 hetiz (A/cm?) 1065 943 636 272
h 4 2t,(meters) 27 50 86 3.15

Table 4.3 — Optimal Reactor Parameters fori = .15and M* = 2.5
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Constraints

Table 4.3F — Optimal Reactor Parameters fori = .15and M" =3

64

lesternal 15 15 15 1S
Kp S5 S S )
B, (tesla) 10 10 7 3

F 1 1 07 .06
Q@ (MN/m) 2 4 8 16
Pprimaty (MW) 5000 3000 3000 3000
N, M 6,3 6,3 6,3 6.3
Parameters

margin of ignition 2.99 3.06 481 9.64
wall loading (MW/m?) 2.09 2.78 343 3.50
t (meters) 127 252 487 904
Gplasma (MEtErs) 1.37 1.06 1.35 2.64
oot (meters) 224 1.98 239 390
R, (meters) 44.13 25.88 16.46 8.21
hetiz (MA) 1.33 179 2.86 6.52
(M hetiz (A/cm?) 1064 812 558 421
h 4 21, (meters) 27 38 .76 2.95




Lerternal 15 15 15 15
Kj S S5 S5 S
B, (tesla) 10 10 8 4.5

GJ’ 1 1 1 .06
Q (MN/m) ) 4 8 16
Pprimary (MW) 5000 4000 3000 3000
N, M' 7,35 7,35 7.3.5 7,35
Paramecters

maréin of ignition 2.56 333 425 6.98
wall loading (MW/m?) 1.72 2.68 3.35 3.50
t (meters) 137 215 354 931
Oplasma (MetErs) 143 1.19 122 191
Teoit (IMeters) 2.29 2.10 2.19 3.18
R, (meters) 51.51 31.70 18.63 11.35
heiz (MA) 1.30 177 2.62 5.08
(Mhetiz (A/cm?) 935 892 768 391
h 4 2t, (meters) 28 39 .10 2.16

Table 4.3F — Optimal Reactor Parameters fori = .15 and M* = 3.5
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lesternal A5 15 15 15
Ks S5 S S S
B,, (tesla) 10 10 9 7

¥ 1 1 1 061
@ (MN/m) - 2 4 ’ 8 16
pprimary (MW) 5000 4000 3000 3000
N, M’ 8,4 8,4 8,4 8.4
Parameters

margin of ignition 2.24 291 3.56 487
wall loading (MW/m?) 1.46 2.26 3.03 3.48
t (mcters) 147 230 391 1.048
Gplasma (INELCTS) 1.47 1.23 1.13 1.34
Teoss (IMCtETS) 2.35 2.15 2.13 2.67
R, (meters) 58.92 36.23 22.20 16.24
hetiz (MA) 1.27 173 249 4.16
(Nnetiz (A/cm?) 835 97 680 339
h + 21, (meters) 28 40 68 171

Table 4.3G — Optimal Reactor Parameters forz = .15 and M* = 4
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Constraints

lezternal 15 15 15 15
Kps 3 S5 S5 S5
B., (tcsla) 10 10 10 7

F 1 1 1 .08

Q (MN/m) 2 4 8 16
pprimary (MW) 5000 5000 - 3000 3000
N, M 9,45 9,45 9,45 9,45
Parameters

margin of ignition 2.00 313 3.04 4.90
wall loading (MW/m?) 1.14 2.00 2.75 3.50
t (meters) 156 202 7429 .766
Gplusma (MCLCTS) 1.69 1.51 1.06 1.34
Tcoit (MCtETS) 2.56 241 207 2.52
R, (mcters) 65.99 42.12 26.07 16.17
iz (MA) 1.29 1.78 237 3.98
(Dnetiz (A/cm?) 734 832 606 467
h + 2t, (meters) 29 42 67 1.63

Table 4.3H — Optimal Reactor Parameters fori = .15 and M* = 4.5
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Constraints

lezternal 15 15 IS 15
Kz S S5 S S
B,, (tesla) 10 10 10 8

¥ 1 d 1 095
Q (MN/m) 2 4 } 8 16
prrimary (MW) 5000 5000 4000 3000
N, M’ 10,5 10,5 10,5 10,5
Paramcters

margin of ignition 1.79 2,78 3.54 4.38
wall loading (MW/m?) 1.10 191 2.89 348
t (meters) 165 216 .349 667
@plasma (Meters) 1.56 140 1.18 1.21
Teost (Meters) 2.44 231 2.15 2.34
R, (meters) 73.89 47.54 29.80 18.08
heiz (MA) 1.23 1.70 236 3.68
(Npetiz (A/cm?) 690 775 713 536
h + 2t, (meters) 28 41 .68 1.50

Table 4.31 — Optimal Reactor Parameters fori = .15and M* = 5
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Constraints

lesternal 15 15 15 15
Kps S S S S
B,, (tcsla) 10 10 10 8

¥ 1 1 1 1

Q (MN/m) 2 4 "8 16
pprimary (MW) 5000 5000 4000 3000
N, M* 11,55 11,55 11,55 11,55
Parameters

margin of ignition 1.62 252 321 4.03
wall loading (MW/m?) 0.97 1.69 2.56 3.14
t (meters) 174 227 368 660
Aplasma (Meters) " 1.61 143 1.20 123
Teoit (Meters) 2.49 235 219 236
R, (meters) 81.44 52.36 32.82 19.62
hhetiz (MA) 1.21 1.67 232 3.62
(M hetiz (A/cm?) 636 714 656 528
h + 2t, (meters) 29 42 69 1.52

Table 4.3] — Optimal Reactor Parameters fori = .15and M~ = 5.5
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Constraints

lezternal A5 1S 15 15
Kg S5 S S S5
B,, (tesla) 10 10 10 10

2 1 1 1 J

@ (MN/m) 2 4 8 16
Pprimary (MW) 5000 5000 4000 3000
N, M* 12,6 12,6 12,6 12,6
Paramcters

margin of ignition 1.48 2.31 294 325
wall loading (MW/m?) 0.87 151 2.29 3.00
t (meters) 182 238 386 .745
Gpiasma (MELETS) 1.63 146 1.23 104
7e0i (Meters) 2.53 238 2.22 221
R, (meters) 89.02 57.21 35.87 24.37
Letiz (MA) 1.19 1.65 2.29 334
(Nhetiz (AZcm?) 590 663 608 461
h 4 2t, (meters) 29 42 .70 1.40

Table 4.3K — Optimal Reactor Parameters fori = .15 and M* = 6
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Constraints

lezternal ' 1 1
K S S
B,, (tcsla) 43 24
¥ 03 03 |
@ (MN/m) . 2 ‘ 4
pyrimary (MW) 3000 3000
N, M* 2,1 2,1
Paramcters

margin of ignition 7.14 11.2§
wall loading (MW/m?) 345 340
t (meters) 256 366
Gplasna (Meters)y 199 318
¥cois (Meters) 292 4.16
R, (meters) 11.09 7.04
hetiz (MA) 1.83 3.27
(Nhetiz (A/cm?) | 556 489
h + 2t, (meters) J1 66

Table 4.4A — Optimal Reactor Parameters fori = .1 and M* =1
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Constraints

lezternal A 1 B
Ka S S S
B,, (tcsla) 7 4 2

¥ 06 04 03
Q (MN/m) 2 4 8
PPrimaty (MW) 3000 3000 3000
N, M 3,15 3,15 3,15
Parameters

margin of ignition 483 7.70 13.11
wall loading (MW/m?) 344 3.52 343
t (meters) 153 .308 688
Gplasma (Meters) 135 2.10 3.67
Teost (Meters) 222 3.05 4.82
R, (meters) 16.39 10.28 6.04
Liaiz (MA) 143 2.46 521
(M hetiz (A/cm?) 959 594 358
h + 2t, (mcters) 27 Sl 1.66

Table 4.4B — Optimal Reactor Paramcters fori = .1 and M *=15
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lexternal 1 B 1
Kp 5 5 5
B,, (tcsla) 9 6 3.2
¥ 1 04 03
@ (MN/m) 2 4 8
Pprimany (MW) 3000 3000 3000
N, M 4,2 4.2 4,2
Parameters

margin of ignition 3.59 543 9.05
wall loading (MW/m?2) 3.06 345 345
t (meters) 106 363 723
Gplasma (INELCTS) 1.13 1.52 2.52
Teoit (Meters) 1.98 2.50 3.68
R, b(mcters) 22.04 14.47 8.74
Letiz (MA) 1.26 2.04 3.88
(Inerix (AZcm?) 1355 509 332
h + 2t, (meters) 26 55 1.20

Table 4.4C — Optimal Reactor Parameters fori = .1 and M* = 2
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Constraints

Lecternal B 1 1

Kp 5 5 5
B., (tesla) 10 8 43

¥ 1 .06 04

@ (MN/m) 2 4 8
Pyrimary (MW) 3000 3000 3000
N, M* 5,25 5,25 5,25
Parameters

margin of ignition 2.82 4.35 7.25
wall loading (MW/m?) 2.51 345 3.52
t (meters) 120 268 .566
Gplasma (MMELCTS) 1.08 1.21 1.98
Teoil (Teters) 194 2.14 3.06
R, (meters) 28.04 18.20 10.92
hetiz (MA) 117 177 3.24
($ et (A/cm?) 1139 699 425
h + 2t, (meters) 26 40 | .98

Table 4.4D — Optimal Reactor Parameters fori = .1 and M* = 2.5
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Constraints

Lezternal 1 1 1 1
Kj 5 5 S 5
B,, (tesla) 10 8.2 51 2.8
; 1 1 06 03
@ (MN/m) - 2 4 8 16
Pprimary (MW) 4000 3000 3000 3000
N, M* 6,3 6,3 6,3 6,3
Parameters

margin of ignition 2.94 3.81 6.28 10.17
wall loading (MW/m?) 2.29 3.00 348 3.49
t (meters) 106 168 388 1.58
Gplasma (MCtErs) 1.23 122 173 2.79
Teoit (MEtETS) 2.08 2.10 272 4.38
R, (meters) 35.85 20.76 12.61 7.78
Tetiz (MA) 1.16 1.68 2.88 6.64
(§)petiz (A/cm?) 1199 1077 619 218
h 4 2t, (meters) 26 39 87 3.65

Table 4.4E — Optimal Reactor Parameters fori = .1 and M* = 3
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esternal 1 1 1 1
K; 5 S5 S5 5
B,, (tcsla) 10 10 7 3

g 1 1 .06 04
@ (MN/m) 2 4 8 16
Pprimary (MW) 5000 3000 3000 3000
N, M' 7,3.5 7,35 7,35 7,35
Paramcters

margin of ignition 2.98 311 4.92 9.69
wall loading (MW/m?) 2.08 2.84 3.52 352
t (meters) 097 189 433 117
plasma (MEters) 1.37 1.05 1.34 2.64
Teoit (Mcters) 222 1.95 2.36 4.02
R, (meters) 44.26 25.42 16.09 8.17
heiiz (MA) 1.16 1.55 2.51 6.17
(Dhetiz (A/cm?) 1223 956 558 298
h 4+ 2t, (meters) 27 38 76 344

Table 4.4F — Optimal Reactor Parameters fori = .1 and M* = 3.5
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Lecternal 1 1 1 1
Kp 5 5 S 5
B,, (tesla) 10 10 8 4

F 1 1 085 044
@ (MN/m) .2 4 ' 8 16
Pprimary (MW) 5000 4000 3000 3000
N, M’ 8,4 8.4 8,4 8,4
Paramcters

margin of ignition 261 . 344 4.40 7.63
wall loading (MW/m?) 177 2.79 3.50 348
t (meters) 103 160 315 1.05
@plasma (MCLETS) T 142 1.18 121 2.10
Teoit (Meters) : 227 2.06 2.16 343
R, (metcrs) 50.55 30.70 18.00 10.38
etz (MA) 113 1.54 231 5.02
(M hetiz (A7cm?) | 1094 1058 768 317
h 4+ 2t,(meters) ' 27 39 .70 2.65

Table 4.4G — Optimal Reactor Parameters fori = .1 and M* = 4
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Constraints
lesternal g 1 1 1
Kj 5 S 5 S
B,, (tcsla) 10 10 8 5
g 1 1 1 05
@ (MN/m) 2 4 8 16
Pprimary (MW) 5000 4000 3000 3000
N, M 9,45 9,4.5 9,45 9,4.5
Parameters
margin of ignition 232 3.06 401 6.37
wall loading (MW/m?) 1.52 241 3.12 348
t (meters) 109 170 279 934
plasma (MCLETS) 1.46 122 1.23 1.76
Teoit (INCLETS) 2.32 2.10 2.17 3.03
R, (meters) 56.88 34.48 19.74 12.42
Laiz (MA) 111 1.51 2.25 433
(hetiz (A/cm?) 991 960 844 349
28 39 .70 221

h + 2t, (meters)

Table 4.4H — Optimal Reactor Parameters for = .1 and M* = 4.5

78




Constraints

lesternal 1o 1 J 1
Kp S5 5 S5 S
B,, (tesla) 10 10 10 6

¥ 1 Bl A .058
Q(MN/m) 2 4 ' 8 16
Pprimary (MW) 5000 4000 3000 3000
N, M* 10,5 10,5 10,5 10,5
Parameters

margin of ignition o 2.09 2.76 334 5.53
wall loading (MW/m?) 133 211 3.10 3.50
t (meters) 116 179 308 819
Gplasma (Meters) _ ) 1.50 1.25 1.03 1.52
Tcoit (ICters) 236 2.14 2.00 2.73
R, (meters) 63.22 38.28 23.68 14.32
Thetiz (MA) 1.09 1.48 207 3.87
{(Nhetiz (A/cm?) 907 880 766 393
h + 21, (meters) 28 40 65 1.92

Table 4.41 — Optimal Reactor Parameters fori = .1 and M* =5

79




Constraints

lezternal 1 1 1

kp S S S S
B, (tesla) 10 10 10 7

F A 1 1 067
@ (MN/m) .2 4 8 16
Pprimary (MW) 5000 5000 3000 3000
N, M 11,55 11,55 11,55 11,55
Parameters

margin of ignition 1.90 297 3.04 4.89
wall loading (MW/m?) “1.18 2.08 2.76 3.49
t (meters) J22 158 324 427
Gplasma (MCLCTS) 1.54 1.37 1.06 1.34
Teoil (Meters) 240 2.25 2.02 251
R, (meters) 69.60 44.36 26.03 16.20
Thetiz (MA) 1.07 149 2.04 3.53
(Dhetiz (A/cm?) 837 948 707 440
h + 2t, (meters) 28 41 .66 173

Table 4.4] — Optimal Reactor Parameters fori = .1 and M" = 5.5
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Constraints

Testernal 1 1 1 1

K3 S S5 5 S
B, (tesla) 10 10 10 8

¥ A 1 1 078
Q(MN/m) - 2 4 8 16
Pprimary (MW) 5000 5000 4000 3000
N, M 12,6 12,6 12,6 12,6
Parameters

margin of ignition 1.74 2.73 3.57 4.39
wall loading (MW/m?) 1.06 1.88 2.92 3.50
t (meters) 127 .165 264 641
Gplasma (Meters) 1.57 1.40 1.17 1.21
Teoit (INCtETS) 244 2.29 2.11 233
R, (meters) 76.00 48.40 29.58 18.01
hhetiz (MA) 1.06 1.47 204 3.26
(Nhetiz (A/cm?) 777 881 831 498
h -+ 21, (meters) 28 41 67 1.58

Table 4.4K — Optimal Reactor Parameters fori = .land M* = 6
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From the previous tables, it can be scen that the option space for an attractive tokamak-
stellarator reactor is constrained by the scaling laws described in Chapter 1II. From Table 4.1, we
see the general result that the optimum choices for N and K are N = 7748 Kg = .5. Under these
constraints, the need to keep the (force/meter) on the helical coils << 10 MN/m results in a rather
large major radius for the base design (14.31 m), in order to keep the angle between the helical coils
and the toroidal field small. Since the tokamak-stellarator reactor is still bound by the 1/A scaling
in B; ( A = plasma aspect ratio = R,/a,,), very high toroidal fields (B, = 10 tesla) are needed to
raise the wall loading to an economically attractive value (> 2 MW/mz) if more conscrvative values

of @ and M" are needed.

It is instructive to review the characteristics of a conventional tokamak and see the changes
effected by the tokamak-stellarator configuration. From the point of modifying a tokamak to prevent
disruptions, the” cure” of external helical windings has detrimental side effects. If conversative limits

for M*,Q, t, and Kz are used, the tokamak-stellarator reactor would have:

1) wall loading = 1.31 MW/m?,
2) P, = 5000 MW, and

3) R, = 48.19 m,
where the following reactor constraints are assumed:

1) Kg = .3,
2) B,, = 9 tesla,

3) (force/meter) on the helical coils =8 MN/m,
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4) ohmic power loss in helical coils = 500 MW g}qctric:

5) external transform = .15

6) M* =55

This incompatibility of helical coils with TF .coils for reactor regimes is evidenced by Japanese
designs for a heliotron reactor(?), where ‘even the use of small toroidal field trim coils was ruled
out due to assembly and support problems. From the point of view of modifying a reactor of the
stellarator-torsatron family, it is difficult to see the overriding advaniage in adding a plasma current
and making the machine non steady state and susceptible to tokamak S, and current filamentation
limits. There thus appears to be only a small overlap between the physical, engineering, and economic
constraints on the tokamak-stellarator reactor, provided modest improvements in the M"* and ge*ternal

requirements are possible.

4.4  Analysis of a Resistive Tokamak-Stellarator

We will now show that a tokamak-stellarator with resistive toroidal field coils internal to the
helical coils does not appear to be an attractive reactor. In this concept, resistive toroidal field coils
are used to reduce the shiclding requirements, and the helical coils are placed external to the toroidal
field coils in order to climinate the large forces between the toroidal fiecld and the helical currents. .
In general, a resistive tokamak has two operating regimes, a high field, small major radius regime;
and a low field, large major radius regime. Since the external transform from the helical coils scales
as (Ro/Bza)z,Athe helical coils are well suited to the low field, large R, regime, and are completely

incompatible with the high field, small R, regime. Unfortunately, the low field, large R, resistive
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tokamak is not a particularly attractive concept to begin with, and the extra constraints imposed
by the helical coils make the system even less attractive. The ratio of electrical power dissipated by

resistive toroidal field coils divided by the primary thermal fusion power (¥;) may be cxpressed as:

_ BzoerF
" .37.9 ty- (margin of ignition)

F:

where

rrr = minor radius of toroidal field coil, and

trr = radial thickness of toroidal field coil.

In optimizing the design of a low ficld, large R, resistive tokamak, one has the goal of minimizing
Py, F1, and R, simultaneously. At constant ¥, the nced for low M" is no longer critical, since the
extra helical current requirements at high M result in thicker helical coils, but not in an increase
in the structural support for the helical coil - toroidal field coil interaction.

Three cases of a resistive tokamak-stellarator reactor are shown in Table 4.5 . B., ~ 3 tesla
appears to be the optimal toroidal field on axis; lower B,, fesults in lower wall loadings and unac-
ceptably large plasma radii, while higher B, results in too high a value for ¥,. It also appears that
Fhetiz = .07 and Py, =~ 4000 MW optimizes the trade-offs between wall loading, ohmic dissipation,
and margin of ignition. The reactor should operate at as high a Kj3 as possible, and for Table 4.5,
K is optimistically assumed to be .4 . The distance between the helical_coil and the plasma edge

should be as small as possible, and for this analysis this distance was set at 1.5 meters ( .75 meters

88




for the void and blanket, and .75 meters for the radial thickness of the toroidal field coils). Table 4.5
shows that a somewhat attractive reactor only exists for very low helical coil aspect ratios. There
is little experimental evidence for the performance of helical coils with R,/rhq;. < 3, and there is
strong theoretical and computational evidericem that such systems might suffer from enhanced heat
transport and trapped-particle instabilities. It thus appears unlikely that the resistive tokamak-

stellarator reactor will be an attractive concept.

Ro/thetiz 3 4

Kp 4 4 4

Py, 4,000 MW 4,000 MW 4,000 MW
Fhretiz .07 .07 .07

Fy 142 .249 373

R, 10.51 m 16.86 m 2361 m
Theliz 5.25 m 5.58 m 587 m

ap 3.38 m 3.80 m 414 m
wall loading 2.85 MW /m? 1.58 MW /m? 1.04 MW/m?
B, 3 tesla " 3 tesla 3 tesla
margin of ignition 10.04 6.26 4.47

2

Table 4.5 — A Resistive Tokamak-Stellarator Reactor
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4.5 STARFIRE with Helical Coils

It is instructive to compare the scaling relationships developed in Chapter Il with arepresentative

tokamak design. For STARFIRE, with K3 = .19, R, = 7 m, and Py, = 4000 MW, a set of helical

coils could be placed at a minor radius of 3.5 meters. For an external transform of .15, the following

helical currents would be required:

M 5
L 13.33 MA
Q 71 MN/m

h+2, 157Tm

g . .152

7.86 MA
30 MN/m
3.86 m

053

Table 4.6 — STARFIRE with Helical Coils

In Table 4.6, it is optimistically assumed that 1 radial meter of space is available for the helical

conductors. This still results in an ohmic power dissipation of 609 MW for the M* — 5 case, and

212 MW for the M"* = 2 case. As will be shown in Chapter V, the values of @ result in impossibly

thick support structures, even for the M* = 2 case.
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Chapter V - Support Structure for the Helical Coils

In this chapter we will show that the bending stress provides the dominant constraint on the

helical coil support structure design, and give representative structural dimensions needed to support
the bending moments of the base design. An alternative support configuration, one more compatible

with modularization, is presented in Chapter VIL.

5.1 Analysis of Bending Moments and Stresses on Ielical Coils

The bending moment m of an ¢ = 2 stellarator configuration on a circular hoop (with F being

a unit force proportional to the helical current) can be expressed by the following equation (see also

Figure 5.1):

m(0) = 5Fry(sin(0) — cos(6))

m™eT = 5F'r,

In constrast, the peak bending moment of a torsatron coil design producing the same external

transform is 2F'r,/m, a 28% increase over the stellarator design. The structure supporting these .

bending moments can be represented by a series of I-beam rings mounted poloidally around the
coils. This support structure is illustrated in Figures 5.2 and 5.3 , where the top and side views of a
representative M* = 2 reactor are shown. The girders have a plate thickness ¢, and a web height A.

Each girder has a toroidal width b, with the support system completely enclosing the blanket region
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both toroidally and poloidally. Access requirements are optimistically assumed to be a negligible
influence on this representative support design.
Define @ = the (force/meter) on each helical coil. The average force per toroidal meter (Q") can

be expressed as:

’ 2
r .
Q' = a\/ 1+ (—1;’ °q°“)
0

The axial stress o,, on the hoop of I-beams is:

_F12 %
" area  (2b +h)t,

OCox

while the bending stress o, is:

_Q'r,+hr/2)/2
% bk + 6,/2) + SR

where
rs = minor radius of inner structural support of helical coil = r;; + teoil/2 + to

In the limit of 7, > h,

27,
Op = 71—0“1:

so, for parameters of reactor interest, it is the bending stress, and not the axial stress, that is the
dominant constraint.

If the pitch length of the coils were much less than the radius of the support structure, the
bending stresses would be substantially reduced, due to the cancellation of radial forces between

adjacent helical coils. The parameter of interest is:
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27R, "

0
o K1
N(rs + h/2)
Unfortunately, for paiameters of reactor interest, this parameter isAgreater than one, and the amount

of cancellation is minimal. For the base design, this parameter equals 3.52 .

5.2 Analysis of a Representative Helical Coil Support Structure

Since the representative support structure is not cryogenically cooled, (due to difficulties in
thermally isolating the support 'siructure from the fusion and ohmic power sources), the maximum
allowabie stress is set at 200 MPa ( = 29,000 psi ). A practical value for the toroidal spacing for the
radial ribs of the support structure is 1 meter (i.e. b = 1 meter), and a practical upper limit on the
thickness of the 316-stainless steel plates of the I-beams would be 10 cm (¢, = .1 m) . With these

values, the expression for A becomes:

40h% + (240 — 3Q°)h + (12— 6Q°r,) = 0

(30" —240) + /(30" — 240)2 + 160(6Q"r, — 12)

h 80 .

For these equations, h and 7, are in meters, and Q" is in MN/meter. A plot of h versus Q" and 7, is .

presented in Figure 5.4 . In the base design, @ = 10 MN/m, @" = 12.2 MN/m, and r, = 2.78 m.

Substituting, we obtain:
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h = web height = .82 m

We see now that even the optimistic base design requires a large supporting structure internal to
the TF coils. Furthermore, we have been considering only the average force between the helical coils
and toroidal field, and have optimistically assumed the access requifemcpts will impose a negligible
influence on the bending stresses. In addition, the helical coils will interact with each other, with
the vertical field and ohmic field coils, and with the plasma current. These interactions will add
approximately 109 onto the maximum force resulting from the toroidal field.

We thus see that the detailed design of the helical coil support structure of the base design,
while possible, might pose some formidable problems. In addition to the access needed during reactor
operation for heat removal, neutral beam or RF injection ducts, divertor channels, ctc., the helical
coil support system must be compati'ble ‘with the procedures for assembly and maintenance. There
must be sufficient space to bolt together the helical coil current elements and vacuum-seal the plasma
chamber with the support structure and TF coils already in place.

Increased access can be obtained by decreasing (Q) and keeping a favorably high wall loading

by increasing Py, but a relatively small decrease in bending moment results in a large increase in

Py, and R,. For example, keeping K3 = .5, t = .15, B,, = 8 tesla, § = .05, and the wall loading = .

3.47 MW/m, we can see from Table 5.1 that decreasing the radial thickness of the support structure
by 29% ( from 42 cm to 30 cm ) increases Py, by 217% and R, by 100%. Given these scaling
relationships, it can be seen that a tokamak-stellarator reactor needs a minimum of @ ~ 4 MN/m

to be of modest size at M"* = 2 (see Table 5.1). If an M* = 5 limit is assumed, then @ > 20 MN/m
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would be necessary (see Table 5.2).

It will be difficult to connect the cables, the associated cooling supplies, and the attachments to
the helical coil support structure. The connection problemns could be eased by placing the support
structure internal to the helical coils, but this would result in a sharp drop in the wall loading
and a large increase in the majo; radius R,. These changes are summarized in Table 5.3, where a
comparison is made of the base design with the helical coils internal and external to their support
structure. For the same illustrative design constraints on i Kp. B, ¥, Q, Py, and M*, it can be
seen that placing the helical coils external to their support structure decreases the wall loading by
71%, and increases the major radius R, by 1719. This unfavorable scaling would be even more

pronounced if higher values of @ were used.
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Q h+ 2t, Teoil R, P '
2 MN/m 30 m 278 m - 36.18 m 9500 MW
3 MN/m 35m 235 m 22.75 m 4400 MW
4 MN/m 42 m 223 m 18.13 m 3000 MW
6 MN/m 58 m 2.23 m 14.76 m 2150 MW
8 MN/m 79 m 234 m 13.64 m 1860 MW
12 MN/m 1.28 m 262 m 13.05 m 1740 MW
16 MN/m 1.87 m 291 m 13.19 m 1770 MW

Table 5.1 — Scaling of Reactor Parameters versus @ — M' =2

Q h 4 2t, Teoil R, Py,
8 MN/m .84 m 297 m 38.49 m 10500 MW
12 MN/m 1.2l m 272 m 26.92 m 5800 MW
16 MN/m 1.69 m 275 m 23.35m 4600 MW
24 MN/m 2.88 m 3.03m 21.40 m 3960 MW .
32 MN/m 425 m 3.37Tm 21.31 m 3930 MW
48 MN/m 729 m 4.07 m 22.50 m 4280 MW

Table 5.2 — Scaling of Reactor Parameters versus Q

M =
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Constraints

lexternal 1 § |

Kjs 5 5
B, (tesla) 6 6

¥ . .08 ‘ .08
(@) (MN/m) 10 10
Pprimary (MW) 3000 3000
N, M' 8,4 8,4
helical coil support system external internal
Parameters

maréin of ignition 5.53 2.04
wall loading (MW /m?) 3.50 1.01
t (meters) .367 .903
@plasma (Meters) | 1.52 1.95
Tcoil (meters) 2.50 4.71
R, (meters) | 14.31 38.72
Ihetiz (MA) 291 3.81
{5 hetic (A/cm?) 721 204
h -+ 2t, (meters) 1.02 1.51

Table 5.3 — Comparison of Internal and External Helical Support Structure
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~Chapter VI - Analysis of Numerical and Experimental Data

6.1 Ficld Line Tracing

A key question of the tokamak-.stcllarator concept is whether one can combine the external
helical transform and the internal plasma transform and still maintain good flux surfaces. In order
to answer this question, a number of field line traces were done in which several different helical
winding geometries were tested, with either a PEST(!) cquilibrium or analytic background tokamak
field. The primary drawback of such a procedure is that it does not reflect the change in the plasma
current equilibrium profile caused by the helical windings, yet it is the best available procedure given
the lack of a general 3-D equilibrium code. The change in the rotational transform of a surface was
computed by integrating along the perturbed path (i.e. integrating along a field line produced by
both plasma current and stellarator coils) the transform due to the composite fields and the transform

due to the tokamak fields alone.

rB,
Lur face R_Bz;lde

@=—F——"—
fsu'rface de

jadded _ 1 — 1
<q>perturbed <q>unperturbed
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It was found that ;added — jexternal 4 9997 for Ro/7coi

"/"separatrix << .5, so for this regime it is valid to assume one can add together the plasma and
helical windings transforms. For low N (1 to 3), it was found that the separatrix radius would
rapidly decrease as the external transform was increasésd from 0 to .15. It is thus useful to find the
maximum transform that can be imposed at a given plasma radius a, without creatling magnetic
islands and ergodic field lines within a,,.

Table 6.1 shows the maximum external transform that can be imposed for r.o; = 2.5 m,
(ap) = 1 m, and R, = 11.5 m (toroidal effects, however, are not important and these results were

found to be fairly independent of aspect ratio). An £ = 2 constant pitch stellarator winding was

used for the helical coils.

N=1 N =2 N =3 N =14
qata,
2 < .0001 | .052 16 .266
3 < .0001 103 .20 >3
4 < .0001 125 23 >3

Table 6.1 — maximum transform versus ¢ and N
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For this data, a simple formula was used for the tokamak background ficld: a 1/R toroidal

field and a poloidal field due to a current carrying loop at the plasma axis. There is no background

separatrix with this magnetic geometry. When the same helical configurations were tried with.

background fields produced by the PEST equilibrium code, we found that the maximum external
transform that could be imposed varied from 60%% to 80% of the maximum found with the analytic
background field. The diﬁerence was foun.d to be due to the presencc'of the axisymmetric separatrix
of the PEST background fields. As the helical field is increased, the flux surfaces helically clongate
and when an clongated surface passes through the original location of the axisymmetric separatrix
the surface is broken. It was found that the elongations at a, were about 1.3 to 1.7 with a constant
pitch winding law versus 1.5 to 2.0 with an ultimate winding law, so a constant pitch winding law was
chosen for the analysis. In all cases an extra vertical field was used to center the vacuum transform
axis of the helical coils onto the plasma axis. Unfortunately the question of how much the surfaces
will actually elongate can not be addl:esscd in this report, because as the surfaces deform the plasma
current profiles will change and the effect of this change on the deformation is unknown. A 3-D

equilibrium code is needed to-study this current migration.

These caveats aside, we can still examine Table 6.1 and see to what limit the axisymmetric

representation for the plasma current is valid. For (a,)/r.o;) = 40 and iY3°UUM — 15, this occurs

Tcoi
when the ratio of helical winding transform to plasma transform = M' = Mg =~ 3. There is also

an indication that the dependence of ZMa%

is slightly greater on N/¢ than it is on q, so perhaps a
1.4
better figure of merit would be M* = (%) ¢*8. This formula was obtained by fitting the data
a
in Table 6.1 with the .equation M= (%) g®. This limit should not be viewed as the point where

the flux surfaces are destroyed, but only as the point where the axisymmetric representation of the
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plasma current becomes invalid.
In order to examine the limits of external transform and surface disruption, we now review data

from two experimental devices that have been run in the tokamak-stellarator hybrid mode.

6.2 Experimental Devices

Experiments began of JIPP T-II at Nagoya University, Japan in July, 1976. JIPP T-II had a

hybrid tokamak-stellarator configuration with the following parameters:

R,=91m

Nimiter = -17 m
€ = 2, N = 4 helical system

€T

it ~ .1 when B;, = 3 tesla

**t ~ .3 when B, = 2 tesla

In 19762, the plasma would suffer a current disruption when Gaxis < 3 (M' = %q = 6). In
19783, J. F uﬁté, et.al, reported that by using a vertical magnetic field to control plasma position,
MHD activity in the plasma could be reduced, and that by having a s;acond rapid ramp in the plasma
current, g,4is = 2.5 could be obtained without a major disruption. These results can readily be
compared to the base design described in Chapter II, since both machines have the same helical
geometry (an N = 4, £ = 2 stellarator configuration). The base design assumed an operating point of
M"® = 2, while JIPP-T-II experiences major disruptions for M * <5, so0 a factor of 2.5 improvement

is needed to meet the base design goals.
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A second experimental device run in the tokamak-stellarator mode was Pulsator(?), located at

the Max-Planck-Institut-fur-Plasmaphysik in Garching. Pulsator’s main parameters were:

R, =70 cm

Nimiter = 12 cm

B3* = 2.8 tesla

Iz = 100 KA

Run as a pure tokamak, Pulsator was limited in the high density regime (nPeak —= 2.1011/cm3)

by disruptive instabilities, with the lowest qedge obtainable about 3.3 with 8, = 1.5. An £ = 2,
N =1 stellarator winding was placed within the copper shell of Pulsator, and early experiments
confirm our numerical result that an NV = 1 helical system is unstable to a plasma transform -
winding transform resonance. On Pulsator, for chge == 3.5, a critical helical current of 250 amperes
(corresponding te &%t < 10—5 for B, = 3 tesla) was sufficient to produce a disruption. F. Karger,
et.al.®) has reported that a stabilizing effect on low m - number MIID modes and spontaneous
disruptive instabilities was found when a helical current 609 to 95% of the critical helical current
was applied. (This would correspond to Jj,}ix =2 15 KA for an N = 1 reactor design!) The stabilizing
effect became greater as the helical current approached the instability level. It is possible that the
resonant helical windings create a limited degree of ergodicity and island formation near the plasma
axis that hinders the rotation of the MHD-modes and the convective growth of the perturbations.
Unfortunately, these rgsults were not easily reproducible, as it was difficult to add enough stabilizing
helical current and still avoid disruptive resonance interaction. It is unlikely that it would provide

the high certainty of disruption elimination required for reactor operations. One key problem with

the use of feedback interaction of the resonant helical windings with spontaneous MHD-modes would
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be that the diffusive penctration time of the helical fields into the plasma would be longer than the
growth rate of the disruption (< 100 ms). The authors thus felt it prudent to reject this method
of disruption control for the base design. If the method ever does prove viable, the helical current
requirements (and associated support and dissipative power requirements) are so small that no major

changes would be needed in the standard tokamak design in order to accommodate the helices.
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Chapter VII. IHustrative Design

7.1  Summary of Design Parameters

The main parameters of the optimized M* = 4 reactor design described in Chapter IV are listed
in Table 7.1. The toroidal field on axis is 6 tesla, the plasma aspect ratio A is 9.4 and major radius
is relatively small (R, = 14.31 m). The large aspect ratio is attractive froim the maintenance and
assembly point of view because of the relative ease of access.

Figure 7.1 shows the top view of the coils. The helical coils are located inside the toroidal field
coils. The toroidal field coils rest against the bucking cylinder. The helical coils, the helical coil
support structure and the vacuum vessel are divided into sections in order to allow modularization
of the system.

The relatively high aspect ratio of the coils allows a large ohmic heating transformer. Thus the
pulse length in the machine can be subtantially increased over that in lower aspect tokamaks.

Figure 7.2 shows a 30° elevation view of the machine. The toroidal field coils are circular, and
have independent cryogenic dewars. This arrangement allow the possibility of removing the toroidai
field coils for maintenance and repair.

Figure 7.3 shows a typical module. The modularization scheme is similar to that of the High
Field Compact Tokamak- Reactor (HFCTR). A module (consisting o-f the toroidal field coil, the
cryostat, the first wall and blanket/shield, the internal helical coils and the support structure) is

removed in a remote maintenance operation. A module would be remotely removed and replaced by
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another unit. The time requirement for return to operations is therefore significantly reduced from
that associated with a non-modular design.
Figure 7.4 shows a side view of the machine. Gaps between the modules arc used for intercon-

necting the helical coils in adjacent modules.

7.2 Toroidal Field Coil: Basic Concept

The enginecring of the toroidal field system is dominated by the influence of the helical coils on
assembly and maintenance. Also of great importance is the support of the TF coils against the net
inward radial force. The TF coil‘s‘must be supported in a manner compatible with modularization.

The need for modularity for reimote maintenance operation requires the use of features similar to
those used in other reactor designs(!). Total modularization requires a cryostat with sufficiently thick
insulation to prevent large refrigeration loads. It also requires mechanical vacuum seals, module
transporters, modular poloidal coils, and demountable helical field coils (if they are inside of the
toroidal field coils).

The toroidal field is created by 32 toroidal field coils carrying 14.32 MA ecach. The toroidal
field coils have a circular elevation shape. These coils have advantages with respect to D-shape
coils in that they are easier to manufacture, and are smaller and therefore have less weight (less
conductor and suport structure) than D-shape coils. Furthermore, it is not clear whether the claimed
advantages of D-shape coils exist in real three dimensional structures (),

The peak field at the conductor is Bpeor ~ 9 T. A magnet with graded coils, using NbTi in

the lower field region and Nb3Sn in the higher field region, has been shown to minimize the cost
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of the winding ). The reason for this is that the cheaper material, NbTi, can be used in the bulk
of the magnet at relatively high current density, while the more expensive Nb3Sb can be used in
the the high field region exclusively. The use of a graded conductor, however, may require that
the magnet be layer wound, instead of pancake wound, as were the coils designed in the HFCTR
report. However, pancake wound magnets could be utilized if a reliable NbTi — Nb3Sb joint could

be developed®,

In ofder that the TF coil system (together with its structurally dependent helical coils) be fully
modular, the cryostats of each of the 16 modules must be independent and separable. This requires
transmission of forces between the low temperature region and ground. This is done by means of G-
10 compression members. The forces to be transmitted to ground are the centering forces of all the

coils due to their mutual attraction and the torques caused by the weak vertical and helical fields.

The inward force per coil is 153 MN. This force is transmitted to the center post structure
through epoxy-fiberglass G-10 strouts located in the dewar vacuum space. The strouts are each 20
cm long, 5.7 cm high, and 2 cm wide. The compressive stress in the G-10 is 85 MPa. In order to
minimize the thermal load due to conduction through the G-10 strouts, heat sinks are introduced
at 77 °K and 20 °K. The heat loads at the refrigeration points are .57 kW at 4.2 °K, 2.3 kW at 20

°K and 26.4 kW at 77 °K.

The required equilibrium field (~ 0.15 T) produces a torque on the TF coils. The associated
horizontal forces on the TF coils must be transmitted to a room temperature torque frame through
G-10 strouts, as for the inward force. Assuming 10 cm long strouts at 85 MPa in compression as

before, and allowing for either direction of torque, the refrigeration loads at the three stations would
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be .72 kW at 4.2 °K, 2.9 kW at 20 °K, and 33 kW at 77 °K. The overturning moments are small
because the verticai field is low (because of the high aspect ratio). Therefore the frame required to
resist the overturning is small.

The bucking cylinder on the inboard side is designed for a compressive stress of 200 MPA and
is 0.75 meters in radial thickness. Figure 7.1 shows the bucking cylinder.

Figure 7.5 and Figures 7.6A through 7.6D illustrate the forces on the TF coil system. There
are four TI" coils per helical field periéd, and each TF coil within the field period is affected by
the helical coils in a unique maunner. The four coil positions are identified in Figure 7.5 , where the
toroidal field is in the positive toroidal direction, and the toroidal current is in the positive poloidal
direction (with the § = 0° position being on the outboard side). The forces on each TF coil are

shown in Figures 7.6A through 7.6D . Each of these figures shows three plots:

1) A plot of the radial force due to the helical coils and the TF coil bursting force
(with the radially inward normal being defined as the positive direction),
2) A plot of the small toroidal force on the TF coils due to the helical coils, and

3) A plot of the vector sum of the radial and toroidal forces.

The currents in the helical coils interact with the TF coils in proportion to the poloidal com-
ponent of helical coil current. The direction of the interaction is along the minor plasma radius and
alternates between adjacent helical coils from radially inward to radially outward. The net force on
any TF coil is therefore small, and averaged over the toroidal angle there is no net force on the TF

coil system. In order to to keep the toroidal forces on the TF coils from the helices small, and in order
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to keep the bending moments on the TF coil cases due the helices at 209% of the bending moments
produced by the TF coil bursting force (approximately 10 MN-m and 50 MN-m, respectively), about
one meter of radial separation must exist between the helical coils and toroidal field coils. If there
were no such scparation, the toroidal forces on the TF coils duc to the helices would be on the same
order as the radial forces due to the helices, and the radial forces on the helices due to the TF coils
would be on the same order as the anti-helical forces due to the TF coils. These forces would be
very difficult to support. Thus, some space must be left between the hclica! coils and TF coils, and
it is reasonable to fill this space with the helical coil support structure.

The principal effect within a TF coil due to the helical coils is to produce an elliptical deflection.
The current in the helical coils is a factor of five lower than the current in the toroidal field coils, and
the deflections on the TF coils from the helical fields are significantly smaller than the deflections due
to the main toroidal field. In the base design, the maximum radial force on the TF coils due to the
helical fields at any point is 1.5 MN/ m, compared to a maximum bursting force of 55 MN/m along
the inboard side. The helical coils maximize the peak bursting force for TF coil 3 and minimize
the peak bursting force for TF coil §1 . The TF coil cases must be sufficiently rigid to keep the
compreésive stress and eliiptical deflection within acceptable limits.

The local toroidal forces on the TF coils due to the helices are small (a maximum of 2 MN/m),
and the net toroidal force is zero for TF coils #1 and #3 . There is approximately a 6 MN force on
TF coil #2 in the positive toroidal direction, and a 6 MN force on TF coil #4 in the negative toroidal

direction. These forces can be supported by shear panels between the TF coil cases.
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7.3 Poloidal Ficld System: Axisymmetric and Helical Coils

The low current density of the helical coils (721 A/cm?) facilitates the design of demountable

Joints which allow for electrical continuity between modules. Each of the helical coils carries a
current of 2.91 MA, so, in order to reduce power supply requirements, it would be preferable that
the helical coils be of multi-cable design.(15 conductors, each carrying 194 kA), rather than be a
single monolithic conductor. Each helical coil consists of 15 hard copper plates assembled into an
outline measuring 1.10 m X 0.37 m. The planes of the conducting plates are parallel to the plasma
minor radius. This minimizes the bending stresses in the beam, and gives additional rigidity to the
structure.

The four coils of the helical coil system are held in place by the support structure. The radial
force on the two coils carrying current in the direction of B,, is outward, and the radial force on the
other two coils is inward. The coils vw./itB an outward force lie in a groove in the support structure.
For the coils with an inward radial force, a rigid frame is built around each coil to transfer the force
to the support structure. This structure is illustrated in Figure 7.3 .

The forces on the helical field coils are shown in Figures 7.7A and 7.7B . The helical coil positions

are shown in Figure 7.5 . The forces in Figures 7.7A and 7.7B are plotted versus the toroidal angle ¢.

A 90° scan in ¢ is shown, representing a full 360° poloidal rotation of each helical coil. The forces .

have a large 1/R variation due to the main toroidal field spatial variation. Superimposed on this
field is a small perturbation due to the other helical coils. Because of symmetry, the net vertical
and tilting forces on a toroidal sector that is 1/8 of the machine is zero. The net vertical and tilting

forces on a toroidal sector of the structure supporting the helical coils are small. The avarage radial
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force on the helices due to the TF coils is 10 MN/m, and the helical coil - helical coil interactions
add approximately a 10% modulation onto this force. Because these additional forces are small,
it is possible to modularize the structure supporting the helical coils. That is, each module has an
independent support struture for the helical coils. This fact is essential to allow modularization of

the machine.

Figure 7.7A shows the forces on the helical coil carrying current in the direction of the toroidal
field. In the diagram, the radially inwa.rd normal is defined as positive, and so the negative radial
force shown represents an outward radial force on the helix. Near the horizontal axis the small anti-
helical force on the coil is shown, and the vector sum of radial and anti-helical forces is also plotted.
The anti-helical force is in the I, X r direction, and is proportional to the magnetic ripple present

in the toroidal field due to the discreteness of the TF coils. This anti-helical force is largest on the

outboard side, where the ripple is greatest. Fortunately, this anti-helical force is always less than

1 MN/m, and the structure attaching the helical coils to the support girders can be made sufficiently

strong to support this force.

Figure 7.7B shows the forces on the helical coil carrying current in the direction opposité to the
toroidal field. The anti-helical force is so small compared to the radial force that the vector sum of
the two forces can not be distinguished from the radial force alone. It can be seen that the radial
force is now inward positive, and that the anti-helical force again peaks along the outboard side (see

Figure 7.5 for illustration of magnetic geometry).

Interconnection between adjacent helical coil needs to be provided in the region between modules.

In order to allow for space to interconnect the helical coil sectors, access is provided through the
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support structure. It is estimated that 0.5 m? is required per helical coil connection. The support
structure could provide 0.5 m gaps between the modules, or 1 m X 0.5 m cut-outs in the regions of

the helical coil connections.

Ideally, when a module is rolled into its position in the toroid, each sector of each of the four
helical coils inside the support structure should make a reliable contact with the corresponding sector
in the the adjacent module. These contacts should have low enough resistance to assure that the
temperature never rises high enough to cause damage to the conductor contact surface or to the
conductor insulation. In the HFCTR. design, the problem was solved by the use of clamping connec-
tors. A similar set of connectors shown in Figure 7.8 serves the same purpose. The copper conductors
are firmly clamped together in the bore component frame scen in Figure 7.8. The joints provide
some flexibility, and the tolerance requirements needed to provide contact between the sectors of
the helical coils in adjacent modulgs are reduced fromn the requirements associated with connecting

the coils with separate overlapping connectors.

The base design also requires a set of vertical field coils (not shown) producing about 0.13 to
0.15 tesla of vertical field on the plasma axis. The coils producing this ficld would be located outside

of the toroidal field coils.

The radiation flux at the helical coils must be sufficiently low so that the insulation between the
copper plates is not damaged. There are preliminary indications(*) that G-10 epoxy insulation can
wit_hstand a total neutron fluence of approximately 6 x 102° N/cm2, if the stress on the insulation is
on the order of 10,000 psi or less. The stresses on the helical coil insulation is well below this. There is

about 500 psi between the helical plates due to the currents within the helical conductor, and about
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2000 psi of pressure due to the current interacting with the background magnetic field. The primary

neutron flux of the illustrative design at the first wall (r = 140 cm) is 1.06 X 10" N / sec-cm?,

and the peak neutron flux inside the blanket will be approximately 20 times the incident flux®. An

attenuation of the peak flux by a factor of 10" would allow a 90 year lifetime»for the G-10 insulator,
assuming continuous operation. Shielding material around the helical coils can reduce the neutron
flux by a factor of 10 for each 13 cm of shielding thickness.(*) In the illustrative design, the distance
between the helical coils and the plasma edge (AS) was set at 80 cm, allowing for a 20 c¢m void
between the plasma and first wall and a 60 cm region of blanket and shield between the first wall
and helical coils. Although a detailed design of the blanket neutronics is beyond the scope of this
report, the thicknesses assumed are approximately sufficient for the amount of shielding required.
More importantly, the design itself is fair‘ly insensitive to a slight increase in the helical coil radius, if
more shielding were indeed needed. Table 7.2 shows a parametric scan of the illustrative design for
values of AS of 80 ¢cm, 93 cm, and 106 cm. Each step represents 13 cm of additional shielding, and an
associated factor of 10 reduction of the neutron flux on the G-10 insulator. The force/meter on the
helices was increased in order to keep the plasma characteristics constant. As can be seen in Table
7.2, each additional 13 ¢cm of shielding results in approximately a 20%% increase in the force/meter
on the helices and a 25% increase in the radial thickness of the helical support structure. Such a

change, while significant, would have a relatively small overall impact on the base design.
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7.4  Analysis of OH Drive

The number of volt-seconds in the OII drive is proportional to the flux enclosed by the OH coils.
This flux is proportional to B()”R?)H, where Boyy = polosi/2Roi1, and Roy; is the major radius of
the OH coils. Roy; is approximately equal to the major radius of the inboard side of the toroidal field
coils. (For the tokamak-stellarator base design, Rp;; was set at 8 meters, while the major radius of
the inboard side of the TF coils was 9.5 meters). The cross-sectional area of the structural support
for the OH ring is proportional to R%,,B2,,, while the stored energy E;; is proportional to R, B,

These quantitics may be expressed as:

2
fluxoy,

OH

Support cross-sectional area ~

2
fluxoy,

Eon ~ Fons

Thus, for a given stored flux or volt-second capacity, structural support and energy storage
requirements are sharply reduced for large Roy.

The parameters of the OH system are given in Table 7.3.

For full swing operation (Bo;; varying from plus to minus 1 tesla), the number of volt-seconds

available from the ohmic transformer is 400 Vs. The total inductive drive is

volt-seconds = volt-seconds oyaric -+ volt-seconds vErTICAL

Here volt-seconds vErTrco AL refers to the contribution to the inductive drive from the vertical
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field needed for equilibrium. As noted in the previous section, the vertical field is ~ 0.15 T; the
contribution to the inductive drive from the vertical field is 150 Vs. Therefore, the total inductive

drive is 550 Vs, with a stored energy in the ohmic transformer of about 1.7 GJ.

7.5 Modularization

The machine is divided into 16 modules which can be remotely connected and disconnected and |
removed for replacement by a spare module. This scheme allows for very rapid module replacement(®).
The toroidal field coils are removed in the process, allowing for repairs of the toroidal field coils.
The coils are in individual dewars. The coils are connected by shear panels to resist the overturning
forces on the toroidal field coils due to the vertical field. ?

The modules would be in a wheeled base, as in the IFCTR design (1. Removal and replacement
of a module would be accomplished on tracks.

Complete modularity of a TF coil unit requires the transmission of forces generated within the !
low temperature region through thermally resistant structure to ground. Both the radial inward
force and the overturning torque must be transmitted through G-10 with low cryogenic load, while ‘
still allowing removal of a TF module.

The plan view and section view in Figure 7.3 show the basic features of a typical module.
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7.6 Plasma Scenario — Start-Up

The start-up and shutdown of a tokamak-stellarator reactor will be similar to the start-up and
shutdown procedures of a conventional tokamak("). The L/R time constant of the bucking cylinder
is appoximately 5 seconds, so a start-up OH coil will be needed external to the bucking cylinder.
The advantage of this fast ohmic transf;)rmcr is that the startup and shutdown process could be
shortened if this system can provide (or absorb) all of the required inductive drive; otherwise the
plasma current decays with an L/R time constant of the plasma or the main ohmic transformer has
td absorb the volt seconds, with the bucking cylinder slowing down the process. The inductive vol_t
seconds at full plasma current is ~ 140 Vs, with the vertical field providing (or subtracting) about
150 Vs. Therefore a small startup (and shut-down) tranformer would be required to provide the
balance required between the required volt seconds provided by the vertical field and those required
by the plasma.

Another possibility would be to start the plasma without the need of the high voltage spike, by
using RF breakdown of the plasma ®,

It is possible that the tokamak-stellarator will be less sensitive to disruptions during start-up
and shutdown than conventional tokamaks, due to the stabilizing influence of the helical coils. This
would allow greater flexibility in the variations of plasma density, temperature, and current during .
start-up and shutdown. In particular, start-up could begin at a higher density, which would result
in a faster start-up (due to the better coupling between the external power and the plasma) and thus
a decrease in the external energy needed for ignition.

The auxiliary heating would be ICRF, coupled through waveguides. The ICRH power require-
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ments during start-up will be approximately 150 MW according to the empirical scaling law for
energy confinement (7-8)

In order to heat the plasma during start-up, sufficient access is necessary. If the heating power
density is about 20 MW /m?, then about 8 m? of access area would be required. If every other module
had a port, the access per port would be 1.0 m2. Therefore, the access port size required for heating
is comparable to the access port size required for joining the coil sectors together.

For each burn cycle, the OH drive must be reset so that the plasma current will flow in the same
toroidal direction, since the plasma and helical coil transforms must have the same sign. Assuming

a 200 MW supply, the time required to reverse the OH transformer is approximately 15 seconds.

7.7 Plasma Scenario — Burn

The voltage requirement on the OH drive during the plasma burn may be written as:

— AmBop
plasma
qedgc o
where
1 _ 1 1
qtefltgael ;e)lasma q:ﬁ;ee"ml

where p is the plasma resistivity. Since the tokamak—stellarator reactor operates best in a high B.,,
low g4 regime (in the base design, B,, = 6 tesla, and qig‘;g = 1.4), the reactor’s voltage requirement

is appoximately 1.5 times that of more conventional tokamaks (such as STARFIRE® or HFCTR(),
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However, dué to the large major radius of the tokamak-stellarator reactor (2, = 14.31 meters in
the base design), the large inboard area available for flux storage allows for very long burn times.

The classical Spitzer plasma resistivity of the base design is 5.66 X 10— '° ohm-meters, assuming
zefl 1, T, = 15 KeV, and log, A = 20. The associated voltage requirement for the OH drive is
.0224 volts. Since there are 400 volt-seconds available for the burn in the OH system, the burn could
last for 18,000 scconds (that is, 5 hours). Even longer burn times could be achieved by increasing
the OH current (eg. Tyur, = 10 hours for Boy; = 2 tesla). Inductive losses apd anomalous resistivity
might reduce these ideal burn limits by 50% or more. It does appear, however, that 5 hour burn
times would be practical.

If there is no need to do wall conditioning in between pulses and if the vacuum pumping speed
is high enough, the shut down-time will be determined by the time required to recharge the OH

transformer (which is a fraction of a minute). There is need for only a small amount of inertial

energy storage to keep the steam generator operating during the shut-down phase.

123




lezternal 0.1

B 5.3%
B., (tesla) 6

N, M’ 8,4
margin of .ignition 553
Gplasma (Meters) 1.52
R, (meters) : 14.31
I, (MA) 2.94
Teoil (mMeters) 2.50
t (meters) ; 0.367
hhetiz (MA) 2.91
g 08
(hetiz (Afcm?) 721
(@) (MN/m) 10
Pprimary (MW) 3000
wall loading (MW /m?) 3.50

Table 7.1 — Main Machine Parameters of Illustrative Design
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Constraints

Lezternal 1 1 1
Kp 5 5 5
B, (tesla) 6 6 6

¥ .08 .08 .08
@ (MN/m) 10 11.9 14.1
Pprimary (MW) 3000 3000 3000
N, M 8,4 8,4 8,4
AS (meters) .8 .93 1.06
Parameters

margin of ignition 5.53 5.53 5.53
wall loading (MW /m?) 3.50 3.50 3.50
t (meters) .366 447 541
Qplasma (Meters) 1.52 1.52 1.52
Teoit (Meters) 2.50 2.50 2.50
R, (meters) 1431 14.31 - 1431
hhetiz (MA) 2.91 3.32 3.77
($netis (Afcm?) 721 632 556
h 4+ 2t, (meters) 1.01 1.27 1.59

Table 7.2 — Parametric Scan of shielding thickness versus @
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Bon
Ron

Iox

Eon

bursting force per unit length

cross sectional area of structural support

Table 7.3 — Parameters of OH drive
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FIGURE T
TOP VIEW OF ILLUSTRATIVE DESIGN




. FIGURE 7.2
30 ELEVATION VIEW OF HELICAL AND

TOROIDAL FIELD COILS
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" "PLAN VIEW OF REACTOR MODULE
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FIGURE 7.4

“SIDE VIEW OF ILLUSTRATIVE DESIGN
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FIGURE 1.5
MAGNETIC GEOMETRY
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FIGURE T.TA
FORCES ON HELICAL coiL?iy
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