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Introduction

The nature of the device to follow TFTR has been evolving in design

studies over a six-year time frame. During the period 1974 to 1976,

design studies were directed toward a device designated the Experimental

Power Reactor (EPR). The mission of the EPR was to demonstrate the

production of net electricity. When the EPR design studies were reviewed

by the fusion community, it was concluded that commitment to such a

device would be was premature. Nevertheless, the EPR studies led to the

identification of a number of needed technology programs which were

initiated by the Office of Fusion Energy. Such programs include the

Large Coil Program (LCP) and the Tritium Systems Test Assembly (TSTA) .

The EPR studies evolved to a new round of design studies covering

the period 1976 to 1978. The concept pursued in these studies was

designated The Next Step (TNS) . The mission of the TNS was to provide a

focus for developing reactor-relevant technology and engineering. Upon

review, it was again concluded that it was too early to commit to a

device beyond TFTR. However, it was noted that the cost/benefit of

tokamak reactors was looking more attractive and that the engineering

feasibility had also improved.

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation
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The TNS studies evolved to the Engineering Test Facility (ETF)

design activity in 1978, The mission of the Engineering Test Facility

was to provide a testbed for reactor components which would be used in

the subsequent phase of the program, designated the Reactor Demonstration

Phase. To initiate engineering design in support of the ETF activities,

the Office of Fusion Energy established the ETF Design Center in December

of 1978. The Design Center, although hosted at Oak Ridge National

Laboratory, represents a national effort consisting of a number of

laboratories and industries. The design schedule adopted by the ETF

Design Center is shown in Fig. 1. The activities during FY 1979 included

project definition and team organization.

With the establishment of the ETF Design Center, a unique fusion

resource was implemented, that is, a centralized design team was created.

The makeup and overall organization of the Design Center is indicated in

Fig. 2. The design team consists of thirty on-site team members and

eight off-site design team members. In addition to the organizations

shown on this figure, a number of other institutions support the activities

of the Design Center. These organizations are listed in Table 1.

The purpose of this paper is to review the activities of the Design

Center during the period October 1979 through July 1980 and to indicate

future design directions.

ETF Design Process

The ETF design activity has been an iterative process. The nature

of this iteration is shown schematically in Fig. 3. Starting with the
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Table 1

THE ETF OESIGN CENTER IS SUPPORTED
BY A LARGE NUMBER OF INSTITUTIONS AND ORGANIZATIONS

NATIONAL LABORATORIES

ARGONNE NATIONAL LABORATORY
LOS ALAMOS NATIONAL LABORATORY
OAK RIDGE NATIONAL LABORATORY
PRINCETON PLASMA PHYSICS LABORATORY

UNIVERSITIES

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
UNIVERSITY OF CALIFORNIA AT LOS ANGELES
UNIVERSITY OF MICHIGAN
UNIVERSITY OF WISCONSIN
VIRGINIA POLYTECHNIC INSTITUTE

& STAT= UNIVERSITY*

INDUSTRIES

BECHTEL NATIONAL. INC.
BURNS & ROE. INC.
GENERAL ATOMIC COMPANY
GENERAL ELECTRIC COMPANY
GRUMMAN AEROSPACE CORPORATION
MCDONNELL DOUGLAS AERONAUTICS

CORPORATION
WESTINGHOUSE ELECTR/C CORPORATION

OTHER LABORATORIES

IDAHO NATIONAL ENGINEERING
LABORATORY

HANFORD ENGINEERING DEVELOPMENT
LABORATORY
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device mission, we identified device characteristics; from the device

characteristics, we established design guidelines and requirements and

then we entered into engineering design. In each step of this activity,

we checked back to see that there was consistency with the previous

step. Through such an iterative process vie developed a design which is

consistent with the mission. Thus, the starting point for the ETF

design activities was the establishment of a mission and device character-

istics. In order to do this, the Design Center organized a Mission

Workshop in February of 1979. This Mission Workshop brought together

over a hundred members of the fusion community representing laboratories,

industries and the utilities. This group established a mission and a
2

set of device characteristics for the ETF. These are summarized below.

The mission of the ETF is to bridge the gap between the base of

magnetic fusion knowledge at the start of operations and that required

to design the EPR/DEMO devices. Thus, the ETF serves as a testbed to

test and qualify components which would be used in demonstration devices.

In order to achieve this mission, it was judged that the ETF would

require the following device characteristics.

» An ignited, long-burn D-T fusion core.

• It would have to achieve availabilities of the order of 50% in

the testing phase.

• It would have to achieve annual fluence capabilities of about

1 MW-yr/m in the testing phase.



The Design Center staff adopted the above mission and device

characteristics and developed a set of design guidelines and requirements.

With these design guidelines and requirements, the Design Center initiated

engineering design. The engineering design activities of the Design

Center were focused by three primary considerations: [1) the maintenance

approach; (2) overall system parameter trade studies; and (3) configuration

trade studies. Each of these activities will be discussed briefly.

In a device such as ETF, the maintenance approach must be established

at the outset so that it can influence the design. In this regard, it

was felt that maximum contact maintenance capability had to be sought

after and that state-of-the-art maintenance equipment had to be incorporated

as far as possible. Contact maintenance requirements determine the

amount of shielding. Activation zones were established to demark regions

which could have contact maintenance capability and those which could

not. Components which would be expected to be changed-out routinely

were identified as well as those which were considered to be more or

less permanent, e.g., the toroidal field coils. The desire to incorporate

state-of-the-art maintenance equipment led to stressing simple, trans-

lational motions for the maintenance operations„ the need to modularize

the design as far as possible, and the need to incorporate automated

systems wherever possible.

In developing the overall maintenance approach for the ETF design,

it became evident that two issues which required early definition were



the vacuum topology and the torus access approach. With regard to the

vacuum topology, three options were examined. These are illustrated in

Fig. 4. To select the vacuum boundary location, a detailed evaluation was

initiated, involving a number of members of the fusion community as well

as Design Center staff. The selection factors included: feasibility of

the vacuc™ boundary approach, risk, reactor relevance, impact on operations

and impact on safety and environment. Using this selection process, the

shield boundary emerged as the preferred choice and was adopted in the

design. With regard to the question of torus access and sector removal,

it was decided that the preferred approach was to create a "window"

framed by the toroidal and poloidal field coils. This is illustrated in

Fig. 5, which shows a model constructed to examine questions of access

and maintenance.

In order to perform overall system trade studies, a modular systems

code was generated with community input and guidance. This code consists

of twenty-six modules which can be upgraded and changed as our understanding

improves.0 This systems code was used to examine issues such as machine

size, performance and cost as a function of input parameters. Figure 6

illustrates typical output from the code. This figure shows the variation

of capital cost with aspect ratio for a fixed burn time of 100 seconds

and a fixed ignition margin.

As an illustration of the types of configuration trade studies

which were carried out, the issue of impurity control technique is cited.

It was judged early in our activities that both bundle and poloidal
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divertors needed to be pursued. In looking at these two divertor

options, it appeared that there was no single machine configuration

which represented the optimum configuration for both divertor options.

Therefore, two separate tokamak configurations were developed in the

preconceptual phase in order to allow us to examine the unique requirements

of both the bundle divertor and poloidal divertor.

Design Descriptions

The basic design parameters for the two machines are listed in

Table 2. When possible, the parameters have been kept the same. In

some areas, such as the bore size of the toroidal field (TF) coils,

however, it has been necessary to apply different values to account for

the impact of using the different impurity control systems.

Design 1

The general arrangement of Design 1 is shown in Figs. 7 and 8. The

plasma chamber is assembled by the insertion of ten 36° shield sectors

into a spool support structure. The face edges of the sectors are

sealed with the spool support structure, forming a vacuum-tight enclosure

for the plasma chamber.

Access and ripple considerations led to the selection of a ten-coil

arrangement for the TF coil system. The TF coils, which have a bore

7.5 m by 10.8 m, require a field of 11.4 T at the coil in order to



TABLE £•

STF Design Parameters

Plasma major radius, R

Plasma elongation* 6

Plasma minor radius, a

Plasma volume, Vp
Plasma current, I

Neutron wall loading, L

Total fusion power, P

Fusion power density, n

Number of TF coils

TF coil vertical bore

TF coil horizontal bore

Field at TF coil, B

Field on-axis, B^

Steady-state burn time

Total cycle time

Total volt-seconds

Neutral beam power, P. .

Neutral beam energy, E

Injection time, T. ,

Microwave power (startup)

Microwave frequency

5.4 m

1.6

1.3 m

289 m3

6.1 MA

1.5 MW/mz

750 MW

2.6 MW/m3

10

10.8/12.6 #*

7.5/8.6 ^

11.4 T

5.5 T

100 s

135 s

35

60 MW

150 keV

6.0 s

5 MW

140 GHz

Design I/Design 2.
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produce 5.5 T on-cxis. It has not yet been decided whetheT these coils

will be Nb.Sn or superfluid-cooled NbTi.

The poloidal field (PF) coil system is installed mainly in the

poloidal bore and outside the TF coils, but a limited number of low-

current, fast-response coils are located in the toroidal bore of the TF

coil assembly. Those in the poloidal bore and outside the TF coils are

superconducting NbTi whereas those inside the toroidal bore are normal

copper and are segmented so that they can be replaced if necessary.

The TF coils, superconducting PF coils, and bucking cylinder foT

the TF coils are all enclosed in a common dewar. The dewar is a dome

structure that envelopes the top and bottom sections of the TF coils and

the inboard region of the TF coil toroidal bore with a surface of revolution.

The outboard legs of the TF coils are enclosed with individual extensions

of the common dewar, providing ten bays for access to the torus.

The plasma is "ted by an installation of four neutral beam lines,

each with six ion sources. With three beam lines or a minimum of 17 of

the 24 sources operating, the nominal injected power of 60 MW at 150 keV

is achieved.

The plasma chamber is evacuated by an installation of four pairs of

compound cryosorption vacuum pumps tied into the neutral beam injector

(NBI) ducts at the NBI shutter shield. These pumps employ cryosorption

panels for pumping helium as well as cryocondensation panels for pumping



hydrogen isotopes. They are sized to reduce the plasma chamber pressure

from 3 x 10~4 to 3 x 10" torr in 13 s.

A radio frequency (rf) system is provided for startup assist. This

system, which supplies a total of 5 MW of power at 140 GHz, is used for

ioniaation, plasma initiation, and supplemental heating of the plasma

during the early phases of startup.

The bundle divertor is installed in one of the bays in such a

manner that it can be removed by radial extraction. This divertor has

two sets of coils: the primary divertor coils and a set of expansion

coils. Being normal-conducting copper coils, they require about 100 MW

of power. The diverted plasma impinges on a water-cooled target with

tungsten tiles. Pumping of the divertor target is accomplished with two

sets of three vacuum pumps, one set operational while the second set is

being regener ted.

A combination pellet injection and gas puffing system is used for

fueling. Three injectors are installed, one for tritium-rich pellets,

one for deuterium-rich pellets, and one for pellets with a 50-50 mixture

of tritium and deuterium.

The neutral beam injectors occupy four of the bays between adjacent

TF coils, the bundle divertor one bay, and the fueling injectors half of

a bay. The remaining 4-1/2 bays are available for diagnostics, instrumentation,

and test modules.



Design 2

Design 2 is similar to Design 1 in many respects (Figs. 9 and 10),

but there are some notable differences that are congruent with the

installation of a poloidal divertor. In order to minimize the space

required to accommodate the torus, a single null divertor was adopted.

With this approach the plasma axis had to be displaced upward 0.5 m to

permit installation of the divertor collector at the bottom of the

torus. The net effect was an increase in the overall torus height of

about 1 m. In addition, in order to facilitate the replacement of the

divertor collector modules, the truncations at the top and bottom of the

outboard corners of the torus were eliminated. These changes in con-

figuration necessitated enlarging the TF coils so that the horizontal

bore is about 1 m larger than that for Design 1.

Because the poloidal divertor has a toroidally continuous divertor

collector that must be replaceable, it is divided into ten modules that

together with their pumping ducts can be independently removed from the

torus. The pumping ducts each extend to a pair of cryosorption pumps

that can be valved off to permit regeneration of on^ while the other is

on-line. These pumps, which are sized to handle the divertor gas load,

are more than adequate to pump down the plasma between burns.

Because of the larger size of the TF coils, the current ratings and

physical sizes (cross section as well as length) of the PF coils must be

considerably larger. In addition, large superconducting coils are

required for creating the separatrix to direct plasma into the divertor

collector.
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With Design 2 the space in the i^wer part of the plasma chamber is

occupied by the divertor collectors, severely limiting the space available

for diagnostics installed in a vertical orientation and also reducing

the space available for test modules. On the other hand, there is an

additional bay available for instrumentation, diagnostics, and test

modules. Therefore, the total area available to accommodate these

requirements is approximately the same.

Future Directions

The ETF design activities have been reviewed by several groups.

These include: the Office of Fusion Energy ETF Executive Committee,

which oversees the ETF activities within DOE; the ETF Technical Objectives

Policy Committee, a committee which advises the ETF Design Center; the

ERAB Committee which was convened to review the fusion program for DOE;

and the ETF Design Review Board, which was a board convened to review

the design activities of the Design Center. The consensus of these

groups was as follows:

(1) the ETF design effort is sound,

(2] the ETF mission appears to be too ambitious with regard to

role, availability and fluence targets, and testing objectives.

It has been recommended that the role of the device to follow TFTR be

the investigation of engineering feasibility,rather than engineering

testing of components for demonstration reactors. This device has been

designated the Fusion Engineering Device (FED). The goals of the FED

would include:
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(1) to provide a D-T burning plasma,

(2) to explore issues of operator and public safety,

(3) to provide a focus for developing reactor technologies in

engineering.

In addressing these goals, the FED must represent acceptable capital and

life cycle costs.

Given these goals and objectives for the Fusion Engineering Device,

the ETF design envelope can be used as a point of departure for establishing

the FED design. In particular, four issues have been identified as

relevant to the evolution of the FED design from the ETF design. These

are summarized in Table 3. These issues include plasma burn mode, bulk

heating technique, the number of full-field shots, and the pumping and

impurity control technique.

Tie burn mode designated in the ETF was an ignited mode of operation.

It was felt that, if the risk of not achieving ignition was to be reduced

to a point which was acceptable, the machine cost might be unacceptably

high. Thus, as an alternative to ignition, a driven mode of operation

should be considered. A driven device would allow a reduction in machine

sise and/or field relative to the ignited device. In this context, an

energy enhancement factor, Q, of about 5 should be a reasonable goal for

the FED. If a driven mode of operation is adopted, it was felt that the

bulk heating technique adopted in ETF, namely neutral beam injection,

might not be acceptable because of radiation effects in the driven mode



Table 3
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of operation. In the ETF design which operates in the ignited mode, a

shield/shutter is activated once ignition is reached and this protects

the neutral beam injection system during the plasma burn. In a driven

mode of operation such a shield shutter could not be incorporated. It has

therefore been proposed that rf heating be considered as the bulk heating

technique for driven operation.

The number of full field shots strongly influences the engineering

design and, therefore, the cost of a device. Iu the ETF, 5 x 10 full

field shots were specified in order to achieve high availability. In

order to designate a less highly stressed design> reducing the number of

full field shots by an order of magnitude seems to be warranted. With

regard to pumping and impurity control, the ETF design specified the use

of magnetic divertors. This rfas felt to overly complicate the engineering

design. As an alternative, the concept of pump limiters should be

evaluated.

During the next year, the Design Center will be evaluating the

alternate specifications indicated in this table, as well as other

alternatives for the FED. Moreover, there are a number of potential

physics outcomes which may enhance the performance of the FED, e.g.,

allowing ignition. These physics possibilities are summarized in

Table 4. These physics issues will be addressed by the Advanced Tokamak

Program during the next several years.

In order to oversee all FED activities, the Office of Fusion Energy

has established a Technical Management Board. The makeup of this board



Table 4

A NUMBER OF POTENTIAL PHYSICS OUTCOMES
WOULD ENHANCE THE PLASMA PERFORMANCE OF THE FED

ISSUE

CONFINEMENT

TOLERANCE
TO RIPPLE

ACHIEVABLE
BETA

SAFETY FACTOR
AT EDGE

CURRENT
DRIVE

CURRENT
ASSUMPTION

ALCATOR

NEOCLASSICAL
IONS

INDUCTION

POTENTIAL
OUTCOME

IMPROVED

RIPPLE
HEALING

>6%

<2

MOMENTUM
TRANSFER

\ L. ,-Z

• _ >

*- V..



Figure XI
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is indicated in Fig. 11. The purpose of the Technical Management Board

is to:

(1) make technical tradeoff decisions,

(2) make cost/benefit decisions,

(3) conduct R§D assessments and identify priorities.

Concluding Remarks

The nature of the device to follow TFTR has been evolving over the

past six years. The most recent design activities have been directed

to the Engineering Test Facility (ETF) concept. In order to address the

design of the ETF a centralized laboratory/industry design team was

established and hosted at ORNL. This Design Center began ETF Preconceptual

design in October, 1979. The ETF design effort has been judged to be

sound. However, the ETF mission has been judged to be overly ambitious.

It has been recoiranended that the device to follow TFTR be dedicated to the

investigation of engineering feasibility and that device has been designated

the Fusion Engineering Device (FED). The ETF design activities provide a

basis for developing the FED design. This will be accomplished under

the direction of the newly formed FED Technical Management Board.
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