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ABSTRACT

A study has recently been initiated to assess the fusion

reactor potential of the Extrap concept. A reactor model is

defined that fulfills certain economic and environmental

criteria. This model is applied to Extrap and a reference

reactor is outlined. The design is optimized by varying

parameters subject to both physics and engineering constraints

Several design options are examined and key engineering

issues are identified and addressed. Some preliminary results

and conclusions of this work are summarized.



1. Introduction

A study has recently been initiated to assess the fusion

reactor potential of the Extrap toroidal, high-beta pinch

concept [l] . Some preliminary results and conclusions of

this work are summarized in this report.

The first step of the study is to define a reactor

model that fulfills certain basic design and performance

criteria [2,3] which are derived from requirements of

economical competitiveness as well as environmental acceptance,

Thus, the requirement to minimize the cost of electricity

generally leads to a compact reactor design with a relatively

small power output but with a large mass utilization factor,

steady-state operation and simple, modular construction [4,5].

The second step is to apply this reactor model to the

Extrap configuration and determine the general feasibility

of the concept. A reference design is defined by listing

a self-consistent set of reactor parameters. This list will

be continually updated as the study progresses.

The third step is to optimize the design by varying

the parameters within ranges limited by both physics and

engineering constraints. Also, possible design options will

be examined and incorporated in the reactor model in cases

where this leads to improved performance.

The fourth and final step of the present study will

be to address some of the key engineering design issues

in more detail, in particular those of the ceil system.



2 . Attractive Reactor Criteria

In order to make the fusion reactor a competitive alternative

for producing electrical power, it is necessary to substantially

increase the power density and mass utilization of the fusion

power core (FPC)»including vacuum chamber, first wall, blanket,

shield and coil system over conventional designs, thereby

reducing the capital cost of the plant and the cost of the

generated electricity. A reasonable target should be to make

the fusion FPC comparable in size to the reactor core of LWR

fission power plants, having a thermal power density of

^10 MW ./nr and a mass power density of 0.5-1 MW /ton [H,5 ].

This means an improvement of more than a factor of ten over con-

ventional tokamak reactor designs [6 3. The main features of a

compact reactor design are:

The power density of a reactor FPC is proportional to
2 4
3 B . A high-beta (B>0.2) system such as Extrap can

therefore achieve high power density at low magnetic field

and low stress at the coils. The low external field may

be produced by normally conducting copper coils of simple

design and low weight at an acceptable fraction (10-20%)

of recirculating power.

- A high power density in the reactor core implies a high

neutron flux level at the first wall. A neutron wall loading
2

of 5-20 MW/m is characteristic of compact reactors. The

neutron fluence limit of the first wall at these flux levels

is about 15 MWyrs/m [5].

The heat load at the first wall can be substantially reduced

by effective impurity control. Here the separatrix and the

x-points of the Extrap magnetic field geometry suggest the

possibility of naturally achieving an efficient divertor.

Also, a cold gas mantle can help control impurities and

plasma profiles in an Extrap reactor.



The simplest and most compact magnet coil system is usually

obtained with normal conductors rather than superconductors

which require extra shielding and are more expensive to

build and to operate. In order to get good utilization of

the applied field, and to minimize ohmic losses, it is

important to locate the coils as close to the plasma boundary

as possible.

The blanket of a compact reactor should be as thin and low

in mass as possible [5,7]. The tritium breeding in Li is

enhanced by a neutron multiplier (Pb, Be). The blanket energy

multiplication can be increased by a high-temperature

reflector/shield.

Steady-state operation [2,5] is an important requirement of

a magnetic fusion reactor. Two possibilities exist to achieve

steady-state current-drive in Extrap [8], one is by a

diffusion driven "bootstrap-like" pinch current (see Section 5 ) ,

the other is by a high-frequency current-drive.

The net electric power output should be relatively low,

500-1000 MWe to sat:

requirements [2,3].

500-1000 MW to satisfy operational and environmental

- To attain high availability, a compact high power density

reactor must of simple design, with easy maintenance and

scheduled replacement of modular units [5].

3. Extrap Reference Reactor

Based on the design criteria outlined above, a reactor

model for the Extrap concept has been defined. The characteristic

parameters of this reference reactor are listed in Table 1

(and deduced in Section 4). A schematic drawing of the reactor

core cross-section is shown in Figure 1. First, in order to

compare the Extrap reactor with other reactor concepts [3,4],

a net electric power output of 1000 MW is chosen. Second, a
2

neutron wall loading of 10 MW/m is selected, which is in the



middle of the range used for other compact designs [4,5].

Third, the toroidal aspect ratio (=major plasma radius/minor

plasma radius) is fixed at 3.0. These selections lead to a

minor plasma radius of 1.5 "i and a major plasma radius of 4.5 m.

A blanket/reflector/shield total thickness of 0.7 m is

needed to achieve a) sufficient breeding of tritium, b) good

energy multiplication, and c) shielding of normal copper coils

for long (30 year) lifetime [5].

A conservative approach is taken in determining the

required octupole field coil current. The plasma boundary is

assumed to coincide with the magnetic separatrix, and therefore

the four x-points of the field are placed just inside the first

wall of the reactor. This also permits full poloidal field

divervor operation.

The octupole field coil system is based on refrigerated,

normally conducting copper coils [9]. In principle, this coil

system can generate the fields necessary for both start-up

and long-term plasma confinement. Thus, ohmic heating and

equilibrium fields are generated by programming of the current

distribution in the eight separate coils. A weak toroidal field

is included to facilitate start-up of the discharge.



Reactor Parameter Scaling

Reactor Power_Output

The net electrical power output of a reactor is

Pe - nt(i-c)Pt (i)

where TI = thermal conversion efficiency

e = recirculated power fraction

and the thermal power

P = ir A (f +0.25)

where TT = first wall neutron loading
w

A = area of first wallw

f. = blanket energy multiplication factor

The power produced by DT fusion reactions is

Pf - nDnT<av>DT Q D T fpVp (3)

where V = plasma volume

f = reacting fraction of volume

n n = density of deuterium

n~ = density of tritium

<av>DT = DT reaction rate

Q = energy produced in reaction



The pressure balance of the pinch is given by the

Bennett relation:

where I = pinch current

a = plasma radius

n. = ion density

T = plasma temperature on pinch axis

C = profile dependent constant

Combining Eq. (3) and (4) yields

- __ ^<av> D TQ D Tf Rf p . 4

2(CkT)2

where it is assumed that n = n T = -z n. and where the

toroidal aspect ratio fD has been introduced.
n

The value of Q n T = 2.82 x 10"
12Joule (17-6 MeV).

The quantity < ov>DT/T '• varies only slowly with the

temperature and has a maximum value of
-?U %

1.22 x 10 m-ys (keV) at T = 30 keV. For a parabolic
p

current profile, the value of C = 24TT /5p .

Taking f =0.4 and f D = 3, the fusion power then
P K

becomes

Pf = 4.12 10-
19J^/i (6)

The net electrical power can be expressed as

Pe = nt(l-e)(o.75fb + 0.25)Pf



which t h e n , us ing (6) and t a k i n g n = 0 .35 , e = 0.12

g ive s

(Jrf [MA])4

Pe[MW] = 0.158 -— (7)
a[m]

The pinch current needed to produce 1000 MW power in a

reactor with a = 1.5 m minor radius is then 10.0 MA.

Coil Power Dissipation

The ohmic power dissipation of a poloidal field coil

system having n toroidal coils with an average radius

of afD, and a cross-sectional area of A , is
H C

. n

where p is the resistivity of the conductors occupying

a fraction f of the total coil area. The coil current
c

is J ampereturns in each conductor.

Furthermore, the effective dissipation is reduced by

a factor fv by refrigeration compared to room temperature

operation. Taking fK = 0.07 which corresponds to copper

at 20 K [9], and

Q

p = p = 1.8 x 10" m

f =0.7 allowing for insulation and cooling channels

R

n

a

Ac

= 3

= 8

= 1

= 0

.5

.5

m

m

Jr = 10 MA gives Pc = 81 MW



Locationof x-points

The radial location a of the x-points of 2n conductors

with their centers uniformly distributed around a circle

of radius a can be expressed as [10]

ax

where

J , = the plasma current
p

J = the current in each conductor, with currents in

adjacent conductors going in opposite directions.

The function a /a is shown in Figure 2 for n = 3 (curve I)

and n = t(curve II). Two other cases are also shown in the

Figure, viz. n = 4 with coparallel currents (curve III) and

n = 4 with antiparallel currents (curve IV). The latter two

configurations have n conductor currents at a and return
r

currents at infinity, and the x-point location is given by

1/nax =
£r . <10)

where n = 4 and the plus sign is used for J and J,

being coparallel, and the minus sign for antiparallel currents

5. Steady State Operation of the Extrap Reactor

There are in principle two ways in which steady state

operation of the Extrap reactor appears to be possible,

namely by a diffusion-driven "bootstrap-like" pinch current,
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or by a high-frequency current-drive. The latter may have

to be investigated in more detail as a future option but will

not be considered in this context. Recent results on the

former [8] are summarized as follows.

The mechanisms of a diffusion-driven current density in

a toroidal configuration is based on the electric field v x B

induced by the velocity y of plasma diffusion across the

confining magnetic field B. The driving force is provided

by the plasma pressure gradient, which is sustained by volume

sources of matter and heat. The sources of matter can be due

either to pellet injection or to neutral gas penetrating from

a cold-mantle into the plasma. The sources of heat can be

provided by thermonuclear reactions, or by auxiliary heating.

The technical difficulties in realizing volume distributions

of matter and heat sinks introduce certain constraints on

the steady-state plasma density, temperature and current

profiles.

The analysis and associated kinetic considerations

indicate that steady-state operation should become possible

for certain classes of plasma profiles, without running into

singularity problems at the pincii axis. Such operation

leads to higher axial currents in a Z-pinch without an axial

magnetic field component than in a tokamak-like case under

similar plasma conditions. Moreover, diffusion-driven toroidal

pinch currents can be realized in Extrap which allow for alpha

particle containment. This appears to be the case for reactor

relevant parameter values, and for acceptable pressure and

current profiles, as seen from the stability point of view.

For details of this analysis, including numerical illus-

trations, reference is made to the original paper [8],

6. Design Options and Improvements

The reference reactor outlined in Section 3 is one

possible reactor scenario based on Extrap concept. It is

not intended to be an optimum solution, merely one plausible
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design to illustrate the general feasibility of the concept.

Other design options will be discussed briefly in the

following. These options represent trade-offs either in the

engineering or in the physics, or between engineering and

physics.

Engineering Trade-offs

An example of engineering trade-offs is to consider other

positions for the poloidal magnetic field coils. A cryogenic

coil system was chosen for the reference design, with a

0.7 m thick blanket/shield between the plasma and the coils.

One other option is to use a blanket of minimum thickness,

0.2 m (just sufficient for tritium breeding at a ratio «1.1).

For a 1.5 m plasma radius, it is then possible to locate the

current center of the coils at 1.9 m and have the x-points

inside the first wall for a ring current of J = JJ/^ (see
r f>

Fig. 2 ) . In this location, the coils would have to be run

at >, tOO °C in order to achieve efficient (n. = 35J5) recovery

of the thermal power deposited in the coils in addition to the

heating due to ohmic dissipation. The net coil dissipation

in this case is calculated to be 230 MW or 19/5 of the gross

electrical power output of the reactor.

Another option is to use superconducting coils. Additional

shielding would be needed, where the thickness and composition

depends on the radiation limit of the superconductor used.

Conventional low-temperature materials such as NbTi require

0.3-0.5 m of shielding in addition to the 0.7 m used in the

reference design. Using the optimistic value of 1.0 m total

thickness for the blanket/shielded structure leads to

Jp = 2J,(see Fig. 2) if the objective is to keep the x-points

inside the first wall. The feasibility of a 8 x 20 MA super-

conducting coil system would have to be further investigated.

The rapid development presently seen in high-temperature

superconductors is clearly of interest to this application.
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Relaxed Physics_Constraints

In all cases discussed so far, it is assumed that the

x-points of the magnetic field have to be located inside

the plasma chamber. The engineering constraints dictated by

the breeding and shielding requirements then relate the

minimum coil current to the plasma current. Thus, a ratio

of Jj,/Jr ranging between 0.5 and 4 results from these

considerations, with the reference reactor case at J//J =1.
r P r

Recent experimental results |_11J using four conductors show good

plasma stability for Ju/Jr of about 2. From a stability point

of view, then, reactor designs using eight conductors at

J ,/J < 4 are conservative and imply overdesign of the

coil system.

Experiments also show that the plasma does not generally

extend all the way ou . to the separatrix boundary. This

suggests that one could perhaps locate the x-points at some

distance outside the first wall and still maintain good plasma

confinement (although the divertor question then must be

reassessed). A significant reduction of the coil current and

the associated power dissipation could be obtained if this

proves feasible. In addition to the Larmor radius parameter 0.,

the plasma stability conditions can be expressed in terms of

the magnetic field ratio at the plasma boundary, M = B /B ,

where B and B are the fields generated by the plasma
a r*

current and coil current, respectively. From the experimentally

determined value of M, one can therefore determine the coil

current needed to generate B at a given radius.

The reference design has M = 1 and uses coils refrige-

rated to 20K to obtain low dissipation. The same dissipation

can be achieved at room temperature for M = 4. This illustrates

a key trade-off between physics and engineering design which

should be explored further for improving and optimizing the

reactor performance of Extrap.
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Configurations

As shown in Fig. 2 the most favorable octupole coil

configuration uses eight conductors (curve II) which doubles

the field strength and locates tne x-points at a smaller minor

radius compared to a four conductor system (curves III and IV).

Going to a hexapole configuration (curve I) accentuates

this advantage further. However, the physics of the hexapole

Extrap has not yet been explored, and to now base a reactor

concept on this would be too uncertain. It should be kept

in mind as a possibility for achieving improved reactor

performance.

Poloidal fields can be generated by magnets using pole

pieces of magnetic material, and this might be a design

option for an Extrap reactor. Advantages over external ring

conductor systems would be in lower coil losses and higher

engineering beta due to reduction of leakage fields. A design

constraint on this kind of magnet is the saturation limit of

candidate materials. It would probably be necessary to run

the magnets at elevated temperature in order to get them as close

as possible to the plasma. The current-carrying coils could

still be well shielded since their location now becomes

less critical. Finally, the pole pieces would cause a distortion

of the magnetic field pattern which must be taken into account

in the equilibrium and stability analysis.
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Table 1. Extrap Reference Reactor Design Parameters
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w

r

a

r

Electrical Power (net)

Neutron first-wall loading

Major plasma radius R

Minor plasma radius a

Plasma current J

Octupole ring current(each) Ĵ

Magnetic field at plasma edge

Maximum field at coil

Coil ohmic dissipation(20K)* P

Toroidal field coils etc. P}

Recirculated power fraction e

Fusion power P,

Thermal power P.

Blanket/shield thickness b

Coil weight M.

Blanket/shield weight

Larmor radius parameter

c

'b

1000

10

4.5

1.5

10

10

1.33

5

81

50

MW
6

MW/m2

m

m

MA

MA turns

T

T

MW

MW

12%

2750

3250

0.70

670

1810

-40

MW

MW

m

tons

tons

Includes refrigerator power
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Pig. 1 Schematic Cross-section of Extrap Reference Reactor.

Main Design Parameters are Given in Table 1.



CURRENT RATIO

Pig. 2 Location of x-points for Different Conductor

Configurations. The x-point Radius a is Normalized

to the Radius of Current Centers a .
r

I. n=3, alternating conductor currents
II. n=4, alternating conductor currents

III. n=*J, coparallel currents, returns at •
IV. n=*f, antiparallel currents, returns at <*>
<8> Reference Reactor Design Point
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