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FOREWORD
A three-day ETF Interim Design Review was conducted on July 23-25,
1980, at the Sheraton Potomac Inn in Rockville, Maryland. The intent of
the review was to provide a forum for an in-depth assessment and critique
of all facets of the ETF design by members of the fusion community. The
timing of the review was set to correspond to a point midway through the
Preconceptual Design Phase, which began in October 1979.
The review began with an opening plenary session at which an overview of the ETF design was presented by D. Steiner, manager of the ETF
Design Center, complemented by a physics overview by P. H. Rutherford,
chairman of the ETF/INTOR Physics Committee.

This was followed by six

concurrent review sessions over the next day and a half. The review
closed with a plenary session at which the Design Review Board presented
its findings.
This document consists of the viewgraphs for the opening plenary
session and an edited version of the presentations made by Steiner and
Rutherford.

DESIGN OVERVIEW
D. oteiner
Viewgraph 1
At this point in the ETF design evolution, we are looking to you
for guidance and we solicit your input.

FED/VU aO-277

D. STEINER, MANAGER
ENGINEERJNG TEST FACILITY DESIGN CENTER
WE SEEK YOUR GUIDANCE AND INPUT AT THIS POINT
OF THE ETF DESIGN EVOLUTION

ETF INTERIM DES9GN REVIEW
ROCKVILLE, MD
JULY 23-25, 1980

Viewgraph 2•
In conducting the review, we request that you concentrate on the
design and the supporting analysis. As indicated on this chart you
should consider three items, with most of the emphasis 080%) on the
first item, design review. In this context we want your input on the
feasibility of the design as presented. We ask you to consider the
following questions.
(1) Is the analysis correct?
(2) Is it complete?
(3) Have alternate design approaches and options been adequately
considered?
(4) Are the basic guidelines and assumptions reasonable?
The results of this review will be used to establish guidance for subsequent design activities.
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THE PURPOSE OF THIS REVIEW IS TO OBTAIN
YOUR SPECIFIC COMMENTS AND RECOMMENDATIONS
ON THE DESIGN AND SUPPORTING ANALYSES
•

IS THE DESIGN APPROACH PRESENTED FEASIBLE

• CORRECTNESS
• COMPLETENESS
•

HAS ADEQUATE CONSIDERATION BEEN GIVEN TO
ALTERNATE DESIGN APPROACHES/OPTIONS

•

ARE THE BASIC GUIDELINES AND ASSUMPTIONS
REASONABLE

THE RESULTS OF THIS REVIEW WILL BE USED TO ESTABLISH
GUIDANCE FOR SUBSEQUENT DESIGN ACTIVITIES

6
Yiewgraph 3
At this plenary session the design status will be presented in the
following order. I will discuss the design evolution process and follow
with a description of the design. Paul Rutherford will then provide an
overview of the physics basis for the ETF. These three items will
constitute the major portion of the presentations. The next four items
will then be discussed briefly. Finally, instructions to the reviewers
will be given by Gray Smith.
Let me begin with the discussion of the design evolution process.
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THE OBJECTIVE OF THE PLENARY SESSION
IS TO ESTABLISH A COMMON UNDERSTANDING
OF THE DESIGN STATUS AND THE PURPOSE OF
THE DESIGN REVIEW
•

DESIGN EVOLUTION PROCESS

•

DESIGN DESCRIPTION

c PHYSICS OVERVIEW
•

ASSESSMENT OF R&D NEEDS

•

MAJOR UNRESOLVED DESIGN ISSUES

•

PRELIMINARY COST PROJECTIONS

•

"HIGH-LEVERAGE" PHYSICS ISSUES

•

INSTRUCTIONS TO REVIEWERS

Viewgraph 4
The ETF Design Center was established by DOE/OFE in December 1979.
The objective of the Design Center is to develop the ETF design in
sufficient detail to support the initiation of a line item project. Our
focus is on the tokamak concept. The Design Center organisation is a
laboratory/industry partnership; in FY 1980 approximately 60% of the
effort was provided by industry. The on-site team consists of 35 people,
and the off-site support consists of 8 people. We benefit from the
guidance provided by key elements of the U.S. program. We also benefit
from involvement in the INTOR activity, and beginning in June 1980 the
Design Center will provide the design effort for the U.S. INTOR program.
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THE OFFICE OF FUSION ENERGY ESTABLISHED
THE ETF DESIGN CENTER IN DECEMBER 1978
• THE OBJECTIVE OF THE DESIGN CENTER ACTIVITY
IS TO DEVELOP THE ETF DESIGN IN SUFFICIENT
DETAIL TO SUPPORT THE INITIATION OF A LINE
ITEM PROJECT
• THE FOCUS OF THE DESIGN CENTER IS ON THE
TOKAMAK CONCEPT AS THE FUSION CORE OF
THE ETF
• THE DESIGN CENTER ORGANIZATION IS BASED ON
A LABORATORY/INDUSTRY PARTNERSHIP WITH
SUBSTANTIAL INDUSTRIAL RESPONSIBILITY AND
INVOLVEMENT
• THE DESIGN CENTER RECEIVES GUIDANCE AND
INPUT FROM THE KEY ELEMENTS OF THE U.S.
FUSION PROGRAM
• THE DESIGN CENTER BENEFITS FROM INVOLVEMENT IN THE INTOR ACTIVITY

xo
Viewgraph 5
The schedule we have adopted indicates that we are now midway
through the PTeconceptual Design and are working toward an FY 1984
Title I date consistent with operations beginning in 1990.
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AS A BASIS FOR ITS ACTIVITIES THE DESIGN CENTER
HAS ADOPTED A FY 1984 TITLE I DATE
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Viewgraph 6
We are organized as a laboratory/industry partnership involving the
major tokamak fusion laboratories and key industries, which were competitively selected.

We are organized into the indicated branches; the

parallel sessions of the design review are similarly organized.
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A UNIQUE LABORATORY/INDUSTRY PARTNERSHIP HAS BEEN IMPLEMENTED
WITH THE ESTABLISHMENT OF AN ON-SITE DESIGN TEAM
MANAGER
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Viewgraph 7
The Design Center is also supported by other institutions and
organizations, indicating broad involvement of key elements of the total
fusion program.
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THE ETF DESIGN CENTER IS SUPPORTED
BY A LARGE NUMBER OF INSTITUTIONS AND ORGANIZATIONS
NATIONAL LABORATORIES

INDUSTRIES

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

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

UNIVERSITIES
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
UNIVERSITY OF CALIFORNIA A T LOS ANGELES
UNIVERSITY OF MICHIGAN
UNIVERSITY OF WISCONSIN
VIRGINIA POLYTECHNIC INSTITUTE
8t STATE UNIVERSITY

OTHER LABORATORIES
IDAHO NATIONAL ENGINEERING
LABORATORY
HANFORD ENGINEERING DEVELOPMENT
LABORATORY
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The Design Center obtains guidance from the ETF Executive Committee
of OFE, chaired by John Clarke and composed of the four division directors. We also receive guidance and input from two other groups. The
Technical Objectives Policy Committee meets with the Dssign Center
management quarterly to review our status. As indicated, this committee
is composed of senior representatives from the four major tokamak laboratories. The ETF/INTOR Physics Committee is chaired by Paul Rutherford
and has representatives from the four tokamak laboratories and the
Design Center. This group is constituted as a working committee to
provide physics input to the Design Center on a continuing basis.
Finally, our liaison with the mirror program is Charlie Damm of Livermore,
who atf.nds many of our meetings.
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THE DESIGN CENTER RECEIVES GUIDANCE AND

INPUT FROM THE KEY ELEMENTS OF THE
FUSION PROGRAM
OFE/ETF EXECUTIVE
COMMITTEE
J. CLARKE, CHM
F. COFFMAN
A. DAVIES
J. DECKER
M. ROBERTS

T
TECHNICAL OBJECTIVES
POLICY COMMITTEE
L BERRY (ORNL)
H. FURTH (PPPL)
J. GILLELAND (GA)
B, MONTGOMERY (MIT)
B. MORGAN (ORNL)
T. OHKAWA (GA)
R. PARKER (MIT)
P. REARDON (PPPL)

ETF/INTOR PHYSICS COMMITTEE
ETF DESIGN CENTER
MANAGEMENT

T

MIRROR PROGRAM
C. DAMM (LLL)

P. RUTHERFORD, CHRMAN (PPPL)
D. COHN (MIT)
M. PENG (ETF)
R. MILLER (GA)
J. SCHMIDT (PPPL)
D. SIGMAR (ORNL)
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Viewgraph 9
The development of the ETF design is an iterative process with the
following elements and logic. A mission must be established for the
ETF. Once the mission has been established, the characteristics of the
ETF can then be developed. This leads to the establishment of design
guidelines and requirements. After all of this is done, the engineering
of the design can begin; this consists of the items indicated.

Out of

this process comes a design. Considerations such as cost, schedule, and
design complexity and reliability can lead to revisions at any stage of
the design process.
items.

I will briefly discuss each of these design process

19
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THE DEVELOPMENT OF THE ETF DESIGN
IS AN ITERATIVE PROCESS

ETF MISSION

1r

»»

ETF CHARACTERISTICS

1

DESIGN GUIDELINES
AND REQUIREMENTS

i

ENGINEERING DESIGN
•

SYSTEM DESIGN

•

COMPONENT DESIGN

•

TRADE STUDIES

•

PERFORMANCE ASSESSMENT

•

DESIGN INTEGRATION

\

ETF DESIGN
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Viewgraph 10
The initial ETF mission was developed from input generated from a
number of sources, including previous EPR and TNS studies, OFE and the
field, and the Mission Workshop, held in February 1979. As indicated,
the ETF was to provide the link between current understanding and demonstration devices. To satisfy this mission three key design requirements
were established.
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THE INITIAL ETF MISSION AND DESIGN REQUIREMENTS REFLECTED
THE NEED FOR AN EARLY EPR/DtMO DECISION
MISSION
TO BRIDGE THE GAP BETWEEN THE BASE OF MAGNETIC FUSION KNOWLEDGE
AT THE START OF OPERATIONS AND THAT REQUIRED TO DESIGN THE EPR/DEMU DEVICES
DESIGN REQUIREMENTS
IGNITED, LONG-BURN D-T FUSION CORE
AVAILABILITY -50% IN TESTING PHASE
ANNUAL FLUENCE CAPABILITY OF ~1 MWy/m2
IN TESTING PHASE
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Viowgraph 11
Since the initial mission statement was issued, it has received
ongoing examination by a number of groups, including the Fusion Energy
Research Advisory Board, chaired by Sol Buchsbaum.

The consensus of

these committees is that the initial ETF mission and design requirements
are too ambitious.

25

FED/VU 80-279

THE INITIAL ETF MISSION AND DESIGN REQUIREMENTS
HAVE BEEN EXAMINED BY SEVERAL GROUPS
• •

OFE ETF EXECUTIVE COMMITTEE

•

TOP COMMITTEE

•

ERAB COMMITTEE

THE CONSENSUS OF THESE COMMITTEES
IS THAT THE INITIAL ETF MISSION AND DESIGN REQUIREMENTS
ARE TOO AMBITIOUS

24
Viewgraph 12
In May 1980 the OFE ETF Executive Committee issued a statement of
the fusion program p r i o r i t i e s for the ETF as indicated here.
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OFE ETF EXECUTIVE COMMITTEE
STATEMENT OF FUSION PROGRAM
PRIORITIES FOR THE ETF
MAY 1980
PURPOSE OF THE ENGINEERING TEST FACILITY
THE FACILITY WILL SERVE AS THE PROGRAMMATIC MEANS FOR DEVELOPING
FUSION ENGINEERING TECHNOLOGIES TO MATCH THE RAPIDLY DEVELOPING
PHYSICS OF PLASMA CONFINEMENT AND THEREBY DEMONSTRATE THE
PRACTICALITY OF FUSION ENERGY

26
Viewgraph 13
The requirements to satisfy the ETF purpose iaclude these keyitems.
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OFE ETF EXECUTIVE COMMITTEE
STATEMENT OF FUSION PROGRAM
PRIORITIES FOR THE ETF
MAY 1980
REQUIREMENTS TO SATISFY THE ETF PURPOSE
THE FACILITY WILL BE DESIGNED TO FOCUS FUSION TECHNOLOGY
DEVELOPMENT ON PRACTICAL ISSUES AND WILL GENERATE
SUFFICIENT THERMONUCLEAR ENERGY AND PROVIDE SUFFICIENTLY
FLEXIBLE TESTING CAPABILITIES TO ALLOW MEANINGFUL TESTING
OF SYSTEMS AND COMPONENTS OF RELEVANCE TO PRACTICAL
FUSION POWER REACTORS, INCLUDING:
•

SUPERCONDUCTING MAGNETS OF SUFFICIENT
STRENGTH AND SIZE

•

BLANKETS FOR BREEDING TRITIUM FUEL

•

HEAT REMOVAL SYSTEMS OPERATING AT POWERPRODUCING TEMPERATURES

• SYSTEMS FOR RADIOACTIVE MAINTENANCE
•

MEANS TO ASSURE PUBLIC AND OPERATOR SAFETY

28
Viewgraph 14
Finally, additional roles for the ETF such as these should be added
only when justified by cost-benefit considerations.
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OFE ETF EXECUTIVE COMMITTEE
STATEMENT OF FUSION PROGRAM
PRIORITIES FOR THE ETF
MAY 1980
ADDITIONAL ROLES FOR ETF SUCH AS
• PLASMA PHYSICS EXPERIMENTATION
• MATERIALS TESTING
• SMALL-SCALE GENERATION OF ELECTRICITY
SHOULD BE ADDED ONLY TO THE DEGREE JUSTIFIED BY
CAREFUL COST ANALYSIS FOR EACH ADDED
FUNCTIONAL OBJECTIVE

30
Viewgraph 15
There is broad national and international support for an ETF with
the following characteristics.
It should be a tokaraak with a D-T-burning plasma at a power density
of several megawatts per cubic meter.

It should employ superconducting

coils and be designed based on reactor-relevant maintenance operations.
It is essential that it address the issues of safety for both the plant
personnel and the public. Finally, it should provide for the testing of
hot breeding blankets.
In achieving an ETF with these characteristics, acceptable capital
and life cycle costs must be realized.
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THERE IS CURRENTLY BROAD SUPPORT FOR AN ETF
WITH THE FOLLOWING CHARACTERISTICS
•

TOKAMAK CORE

•

D-T BURNING PLASMA (SEVERAL MW/m 3 )

•

SUPERCONDUCTING COILS

•

REACTOR-RELEVANT MAINTENANCE OPERATIONS

•

ADDRESSES ISSUES OF OPERATOR AND PUBLIC SAFETY

•

TESTS HOT/BREEDING BLANKETS
THE ETF MUST REFLECT ACCEPTABLE
CAPITAL AND LIFE-CYCLE COSTS

32
Viewgraph 16
Although there is broad support for many of the ETF characteristics,
several essential issues remain open. The question of ignited versus
driven operation remains open. The designs we will present assume
ignition. The limit on burn time is not established. We have assumed
active impurity control and effective helium ash removal. For these
assumptions the burn time is limited by the volt-second capabilities.
The availability goal is subject to trade-offs. Our preliminary assessment suggests a 25% availability may be reasonably achieved; however,
this should continue to be studied.
Concerning the tritium supply, the choices are to have tritium
supplied from internal sources or to provide the means in the ETF to
genei'ate the tritium.

In our studies we have assumed that all tritium

will be provided by the government.
We have done some preliminary work on the testing program, but the
detailed testing program remains to be developed.
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SEVERAL ESSENTIAL ISSUES ARE STILL OPEN
REGARDING THE CHARACTERISTICS OF THE ETF
•
•
•
•
•

D-T BURNING (IGNITED/DRIVEN)
BURN TIME (IMPURITY CONTROL/HELIUM LIMITED)
AVAILABILITY TARGET
TRITIUM SUPPLY (EXTERNAL/INTERNAL)
TESTING PROGRAM

34
Viewgraph 17
These data indicate that as we move from an ignited device to a
driven one (i.e., decreasing values of Q ) , the capital cost decreases
primarily because the size of the device can be reduced.
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AS WE MOVE FROM AN IGNITED TO A DRIVEN FUSION
CORE. MACHINE SIZE DECREASES AND
CAPITAL COST IS REDUCED
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Viewgraph 18
If we examine the capital cost normalised by neutron wall loading
and burn time (the ordinate axis), we see that these considerations
strongly favor designing for operation at values of Q > 5.
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COST/BENEFIT CONSIDERATIONS BASED ON NEUTRON WALL
LOADING AND BURN TIME CAPABILITIES FAVOR Q > 5
ORNL-DWG 8O-2289R

FED

f 2.2
: 2.0
18
16
14
12
10
0.8

ASPECT RATIO

30
Q

38
Viewgraph 19
The neutral beam technology and engineering considerations favor an
ignited device over a driven one. Several factors are important. Our
preliminary availability studies indicate that the neutral beam systems
are a key driver in determining overall availability.

Second, the

neutral beam source reliability is life limited, not pulse limited.
And, third, in a driven mode of operation radiation damage will be a
serious problem.
A second option is to drive the fusion core with rf heating; we
intend to evaluate this option.

39

FED/VU 80-94

NEUTRAL BEAM TECHNOLOGY AND
ENGINEERING CONSIDERATIONS FAVOR AN
IGNITED FUSION CORE RATHER THAN
A BEAM-DRIVEN FUSION CORE
• NEUTRAL BEAM SYSTEMS ARE THE PRIMARY
DRIVERS IN DETERMINING OVERALL AVAILABILITY
• NEUTRAL BEAM SOURCE RELIABILITY IS LIFELIMITED NOT PULSE-LIMITED
• RADIATION DAMAGE OF THE BEAM SYSTEM
WOULD BE A SERIOUS PROBLEM IN A DRIVEN
MODE OF OPERATION
THE FEASIBILITY OF DRIVING THE
TOKAMAK FUSION CORE WITH RF HEATING
WILL BE GIVEN CONSIDERATION

40
Viewgraph 20
In our current designs we have adopted a 100-s burn. We have
designed for active impurity control by incorporating a bundle divertor
in Design 1 and a poloidal divertor in Design 2. We have also started
some investigations into the use of a pumped limiter. We are not
currently considering the option of limiting the burn by helium ash
buildup.
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WE HAVE ADOPTED A 100-SECOND BURN TIME GOAL
FOR THE PRECONCEPTUAL DESIGN EFFORT
•

•

ACTIVE ASH AND IMPURITY CONTROL IS ALSO
ASSUMED
• BUNDLE DIVERTOR (DESIGN 1)
-

POLOIDAL DIVERTOR (DESIGN 2)

•

PUMP LIMITER

BURN LIMITED BY HELIUM ASH BUILDUP IS NOT
CURRENTLY BEING CONSIDERED

42
Viewgraph 21
We have conducted a preliminary assessment of availability. As
shown here, this assessment indicated that seven systems were the major
drivers in determining overall availability. The combination of the
availability for all systems yielded a total availability for the ETF of
25%.

On the basis of this assessment, we adopted a target availability

of 25% for the Preconceptual Design.
We are continuing to revise and update our availability assessment.
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OUR PRELIMINARY AVAILABILITY ASSESSMENT HAS
IDENTIFIED SEVEN MAJOR DRIVERS

SYSTEM

AVAILABILITY
ASSESSMENT

NEUTRAL BEAM

79%

TORUS

89%

VACUUM PUMPING

92%

TOROIDAL FIELD

95%

INSTRUMENTATION, CONTROL
AND DATA HANDLING

95%

DIVERTOR

96%

RF HEATING

97%

** ETF TOTAL * *

25%

ON THE BASIS OF THIS ASSESSMENT
WE HAVE ADOPTED A TARGET AVAILABILITY
OF 25% FOR THE PRECONCEPTUAL DESIGN
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Viewgraph 22
We have developed a preliminary schedule for plasma operations and
for component and materials testing. This viewgraph shows the plasma
operations testing schedule. There are three operating stages. First
is a pretest period for assembly and checkout that is of the order of
six months to one year. This is followed by a hydrogen operating period
lasting about a year in which the key achievements would be as indicated.
Then D-T operation would follow; during this period reliable fusion core
operation would be established.
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THE PLASMA OPERATIONS SCHEDULE FOR THE ENGINEERING TEST FACILITY
SPANS THREE YEARS
YEARS FROM START
PHASE

-2

-1

i

0

2

3

4

PRETEST
ASSEMBLY
CHECK-OUT

-A

k

HYDROGEN
OPTIMIZE l p INITIATION AND RAMPUP
ACHIEVE Nr > 10 1 4 cm' 3 s
ESTABLISH HEATING SCENARIO

i

>i

D-T
QUANTIFY ALPHA HEATING

A

PRODUCE AND CONTROL HIGH BETA,
IGNITION, D-T LONG PULSES

_A

ESTABLISH RELIABLE FUSION CORE
OPERATION

k
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In the component and materials testing areas, the testing schedule
spans the life of the facility; in our studies we have assumed at least
a 10-year period available for all of the testing including blanket
concept and materials testing. Other significant testing in this area
is as indicated.
As the design effort proceeds, significant additional effort will'
be required to specify in detail the nature and timing of the required
testing.
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THE COMPONENT AND MATERIALS TESTING SCHEDULE FOR THE ENGINEERING TEST FACILITY
SPANS THE OPERATING LIFE OF THE FACILITY

PHASE
FUELING

-2

•1

0

1

2

3

YEARS FROM START
4
7
8
6
5

ft,

i
i

PLASMA HEATING

i

TRITIUM PROCESSING
PARTICLE COLLECTION
REACTOR BLANKETS
MATERIALS

i

9

10

11

12

13
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We turn now to the next item in the design evolution process —
design guidelines and requirements. We adopted a number of design
guidelines to be used during Preconceptual Design. These were developed
based on significant input from many people in the fusion community
through numerous workshops and consultations and finally on the judgment
of the cognizant Design Center personnel. I would like to emphasize
that many meetings with personnel from outside the Design Center have
occurred during the process of arriving at these guidelines; we estimate
that over the last nine months there have been an average of two such
meetings a week.
All of the design guidelines are not listed here; this is only a
representative sampling. The guidelines are included in the ETF Interim
Design Description Document.
We have selected neutral beams as the primary bulk heating system
with rf as a back-up option. We have designed rf heating systems at a
significant power level — 10 MW — as part of our design effort. Fueling
will be provided by a combination of pellet injection and gas puffing.
We have established ripple limits based on the results of a ripple
workshop conducted at MIT in September 1979. We have established a
limit of 109 rads for the TF coil insulators. For both Designs 1 and 2
we have developed a complete set of overall system and component requirements .
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IN ORDER TO PROCEED WITH THE PRECONCEPTUAL DESIGN
WE ADOPTED A NUMBER OF DESIGN GUIDELINES
(WORKSHOPS/CONSULTATIONS/JUDGMENTS)
• NEUTRAL BEAMS ARE THE PRIMARY BULK
HEATING SYSTEM/RF IS A BACKUP (10 MW)
• FUELING WILL BE PROVIDED BY A COMBINATION
OF PELLET INJECTION AND GAS PUFFING
• RIPPLE LIMITS
• 109 RADS RADIATION LIMIT TO TF COIL INSULATOR
A SET OF OVERALL SYSTEM AND COMPONENT REQUIREMENTS
WAS DEVELOPED FOR BOTH DESIGNS 1 AND 2

50
Viewgraph 25
This viewgraph summarizes the key recommendations that resulted from
the ripple workshop.
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RECOMMENDATIONS OF RIPPLE WORKSHOP
SEPTEMBER, 1979
Maximum allowed ripple
Ripple-induced effect

Maximum allowed

due to TF coils

local maxima in | B |

(% peak-to-average)

due to local coils

r = a/2

r =a

r =0

r = a/2

n ~ 2 x 10 1 4 . CT>~1S keV

0.3

1.0

0.3

2.0

n ~ 8 x 10 13 . (T> —35 keV
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0.3

0.1

0.7

0.4

1.5

0.5

2.0

1.0

0.5

2.0

2.0

0.5

2.5

Bulk-ion heat transport

Depletion of bulk-ion tail
n ~2x

1014.<T>~15keV

Loss of beam ions {d.. >

v/26)

E. ~150keV
Loss of fusion alphas
(80% retention of energy)

0.3
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We come now to the engineering design activities. Four aspects
have been the focus of our activities during the last nine months.
Following is a brief comment on each of these aspects.

53

FED/VU 80-288

THE ENGINEERING DESIGN ACTIVITIES HAVE BEEN FOCUSED BY
• THE MAINTENANCE APPROACH
•

OVERALL SYSTEM PARAMETER TRADE STUDIES

•

COMPONENT PERFORMANCE TRADE STUDIES

•

CONFIGURATION TRADE STUDIES

54
Viewgraph 27
From the beginning we have seriously considered the impact of
maintenance on the ETF design. Two main guidelines of our approach are
indicated here.
First, within reasonable constraints we want to provide the maximum
capability for contact maintenance. This implies considering required
shielding, determining the level of activation within various zones, and
designing some of the larger components, such as the TF coils, the
bucking cylinder, and portions of the shield, to be semipermanent. This
means that all normal operations and maintenance would be planned and
performed with these semipermanent components in place for the lifetime
of the device. However, even these components must be designed for
remote maintenance and replacement if required at some stage of operation.
Second, in our design we have assumed that maintenance cculd be
performed by state-of-the-art equipment, and this has influenced the
nature of the design. Considerations here are to design for simple
operations, use modularity in design, and provide automated systems.
Two issues that emerged from our maintenance assessment as requiring
early definition are the vacuum topology and the torus access approach.
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THE MAINTENANCE APPROACH HAS BEEN ESTABLISHED TO
INFLUENCE ETF DESIGN FROM THE OUTSET
•

•

MAXIMUM CONTACT CAPABILITY
•

SHIELDING

•

ACTIVATION ZONES

•

SEMI-PERMANENT COMPONENTS

STATE-OF-THE-ART MAINTENANCE EQUIPMENT
•

SIMPLE OPERATIONS

•

MODULAR DESIGN

•

AUTOMATED SYSTEMS

VACUUM TOPOLOGY AND TORUS ACCESS APPROACH
EMERGED AS TWO ISSUES REQUIRING EARLY DEFINITION
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Viewgraph 28
Based on previous studies three options were available for the
vacuum topology determination:

(1) location at the TF coil boundary,

(2) the use of a vacuum building, and (3) location at the shield boundary.
The first and third options have been used in previous devices. The use
of a vacuum building has been considered in previous studies, and a
large vacuum building that is about half-scale of what would be required
for the ETF has been used by NASA (at Plum Brook in Sandusky, Ohio).
evaluated these three options in detail.

We
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BASED ON PREVIOUS STUDIES. THREE OPTIONS
WERE SELECTED FOR DETAILED EVALUATION

EXAMPLES
I

TF COIL BOUNDARY

ORMAK, T-7

II

VACUUM BUILDING

ORNL/TNS, FINTOR

(II

SHIELD BOUNDARY

PLT, ISX, JET, JT-60
D-III, NET, STARFIRE,
TFTR
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Viewgraph 29
This viewgraph lists the major evaluation factors employed.
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EVALUATION FACTORS WERE IDENTIFIED TO ORGANIZE
THE KEY ISSUES TO BE CONSIDERED
EVALUATION FACTORS
DESIGN FEASIBILITY
RISK
PROGRAM IMPACT
OPERATIONS
SAFETY AND ENVIRONMENT
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Viewgraph 30
The results of our evaluation indicated that the shield boundary is
preferred as the location of the primary vacuum boundary.

For each of

the major evaluation factors a number of subissues were considered.
numbers in parentheses indicate how many subissues were used in each
major factor area; the total number of factors was ^30.

The
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THE SHIELD BOUNDARY EMERGED AS THE PREFERRED CHOICE
SELECTION FACTORS (ISSUES)

OPTIONS
TF COIL
BOUNDARY

VACUUM
BUILDING

SHIELD
BOUNDARY

1. FEASIBILITY (11)

2

3

1

2. RISK (5)

1

2

1

3. PROGRAMMATIC (3)

2

3

1

4. OPERATIONS (3)

2

3

1

5. SAFETY AND ENVIRONMENT (6)

2

3

1
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In considering the question of torus access we have pursued the
concept of creating a "window," which is the space framed by adjacent TF
coils and by upper and lower PF coils. One of our design goals has been
to maximize this window space consistent with performance and cost
constraints.

FED/VU 80-21A A

OJ

THIS CREATION OF A "WINDOW" FRAMED BY THE TF AND PF COILS
WAS IDENTIFIED AS THE APPROACH TO BE PURSUED FOR TORUS ACCEt5
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Viewgraph 32
To permit trade studies on overall system performance, we have
developed a modular overall systems code. The code contains 26 modules;
this permits the code to be continually updated and improved module by
module as we gain new understanding and information. As indicated in
this listing the code was developed based upon considerable community
input and guidance incorporating features that were developed earlier in
existing systems codes.
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A MODULAR (26 MODULES) OVERALL SYSTEMS CODE
WAS GENERATED WITH COMMUNITY INPUT AND GUIDANCE
TO EXAMINE TOKAMAK SIZE, PERFORMANCE, AND COST
IN A MORE DETAILED FASHION THAN IN EXISTING SYSTEMS CODES
•

NUCLEAR - GA/ANL

•

MAGNETICS - MIT/W

•

ELECTRICAL - PPPL

•

PHYSICS - ORNL

•

INTEGRATION -

ORNL/GRUMMAN
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This is just one example of how the systems code was used. For a
burn time of 100 s, a fixed ignition "margin," and g inversely proportional to the aspect ratio, the relative capital cost exhibits a minimum
as the machine size varies. This minimum occurs in the vicinity of a
plasma radius of 1.3 m and an aspect ratio of M .
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THE OVERALL SYSTEMS CODE WAS USED TO ESTABLISH
MACHINE SIZE FOR A BURN TIME OF 100 SECONDS,
A FIXED IGNITION "MARGIN", AND £ ~ 1/A
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Viewgraph 34

Another trade-off area is the selection of a startup approach.
Both physics and engineering considerations caused us to selec a lowvoltage, rf-assisted approach as our baseline for Designs 1 and 2.

Of

the two options the high-voltage startup is the traditional approach.
Considerations here are that high-resistance electrical breaks will be
required; this is presently viewed as a very difficult development/
fabrication problem.

This approach also requires additional disruption-

handling equipment and the design of a "blip" coil located inside the TF
coil.
The low-voltage, rf-assisted approach appears attractive; however,
this approach must be demonstrated to work, although recent results from
ISX-B are encouraging.

This system also requires rf component (i.e.,

130-GHz tubes) developments.

Our studies indicate, however, that if

successfully demonstrated, the total startup system costs compared to
the traaitional high-voltage startup system will be significantly lower;
we estimate approximately $50 million lower.
voltage, rf-assisted option as the baseline.

We have selected the low-
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PHYSICS AND ENGINEERING CONSIDERATIONS
INFLUENCED OUR SELECTION OF A BASELINE STARTUP APPROACH
HIGH VOLTAGE STARTUP
•

REQUIRES HIGH RESISTANCE ELECTRICAL BREAKS; PRESENTLY VIEWED
AS A VERY DIFFICULT DEVELOPMENT/FABRICATION PROBLEM

•

REQUIRES ADDITIONAL DISRUPTION HANDLING EQUIPMENT

•

REQUIRES DESIGN OF 'BLIP' COIL LOCATED INSIDE TF COIL

LOW VOLTAGE RF ASSIST
•

MUST BE DEMONSTRATED TO WORK:

ISX RESULTS ARE ENCOURAGING

•

REQUIRES RF COMPONENT DEVELOPMENT; 130 GHz TUBES

•

STARTUP SYSTEM COSTS WILL BE SIGNIFICANTLY LOWER (-50 M)
THESE CONSIDERATIONS LED US TO SELECT THE LOW VOLTAGE
RF ASSIST AS OUR BASELINE FOR DESIGN 1 AND 2
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We have considered a number of configuration trades; the major ones
are those shown here. We will not comment on all of these, but we will
indicate some of the trades associated with the first area: the torus
design approach.
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THE MAJOR CONFIGURATION DESIGN TRADES INCLUDED
•

TORUS DESIGN APPROACH

•

TF COIL NUMBER AND SIZE

•

PF SYSTEM

•

MAGNETIC SYSTEM CRYOSTAT

•

COMPONENT DISTRIBUTION ABOUT TORUS
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The heart of the tokamak is the torus, and its design must consider
a number of issues. Following is a brief comment on each of these.
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THE TORUS REPRESENTS THE HEART OF THE TOKAMAK
AND ITS DESIGN MUST CONSIDER A NUMBER OF ISSUES
•

NUMBER OF SEGMENTS

•

SHIELD MODULARIZATION

•

VACUUM LOCATION

•

REMOVAL APPROACH

•

VACUUM SEALING CONCEPT
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We have considered two options for torus segmentation. The upper
sketch represents an approach in which the number of torus segments is
equal to the number of TF coils. With this approach, for a design with
ten TF coils the torus would be divided into ten equal segments.

An

advantage of this approach is that segment removal is accomplished by
radial motion only.
The lower sketch shows the second option, in which the torus is
divided into a total number of segments that is a multiple of the number
of TF coils. In the case shown, there are two torus segments, one large
segment and one small segment, for each TF coil.

In this approach, in a

design with 10 TF coils there would be a total of 20 segments making up
the torus. This approach results in smaller torus segments but usually
requires both rotational and radial motion to remove ail torus segments.
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TORUS SEGMENTATION APPROACHES
FED/VU 80-300

TORUS SEGMENT EQUALS THE
NUMBER OF TF COILS

•

TORUS SEGMENT EQUALS A
MULTIPLE NUMBER OF TF
COILS
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Viewgraph 38
Two modular approaches have been considered in the design of the
shield. The upper sketch shows schematically an approach in which a
portion of the shield is designed to remain in place and a portion is
designed to be removed. This approach permits the design of a smaller
access window and requires the removal of a smaller-sized component.
The second approach allows for the removal of essentially the
complete shield segment, leaving behind only a small spool piece that is
designed to be semipermanent. This approach requires a larger access
window but allows removal of all the shield.
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TWO SHIELD MODULIZATION APPROACHES ARE BEING EVALUATED

PARTIAL SEMIPERMANENT SHIELD

COMPLETE REMOVABLE SHIELD
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Viewgraph 39
As presented earlier, the shield boundary has been determined to be
the preferred vacuum boundary location.

In this context two options are

possible. The upper sketch indicates an option with the vacuum boundary
outside the shield spool. The lower sketch shows the second option,
which has the vacuum boundary inside the shield spool.
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THE SHIELD BOUNDARY HAS EMERGED AS THE
OPTIMUM VACUUM BOUNDARY LOCATION. AND
TWO VARIATIONS ARE BEING CONSIDERED
WITHIN THIS ENVELOPE

OUTSIDE SHIELD SPOOL

INSIDE SHIELD SPOOL
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Viewgraph 40
To move the large segment components we are considering two options,
shown schematically here. The upper sketch reflects the use of insertable air floats. In this option a pad would be inserted and engaged,
the air floats activated, and the unit withdrawn. The lower sketch
shows the second option, which would rely on the use of rollers.
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TWO APPROACHES ARE BEING CONSIDERED FOR SECTOR MOVEMENT

INSERTABLE AIR FLOATS

AIR FLOAT

FULL SHIELD

EXTERNAL ROLLERS

"•—-

^-.4ROLLERS

-SHIELD SEGMENT
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Viewgraph 41

Three vacuum sealing concepts have been examined.

The first is a

spool/post arrangement in which the seal is made between this arrangement and a door that would then become integral with the arrangement.
The second option uses an upper and lower spool but achieves sealing
by joining adjacent sectors to one another and to the two spool piocos.
A difficulty with this option is a triple point at the juncture of two
adjacent sectors and a spool piece.
The third option uses a spool/post arrangement but differs from the
first option in that a frame seal is employed.
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VACUUM SEALING CONCEPTS

UPPER SPOOL
SPOOL/POST ARRANGEMENT WITH
INTEGRAL DOOR SEAL

POST
LOWER SPOOL

UPPER SPOOL
SPOOL ARRANGEMENT WITH
SECTOR-TO-SECTOR SEAL

^3*^*4*—i*%r5^*-|-0WER SPOOL

POST
• SPOOL/POST ARRANGEMENT
WITH FRAME SEAL

"

FRAME SEAL
LOWER SPOOL
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The five torus design considerations with the various options are
illustrated on this decision tree.

As indicated, the result provides

four different paths to follow in designing the torus.

We are currently

pursuing the second path, which features torus segments equal in number
to the number of TF coils, complete shield removal, the vacuum boundary
located outside the shield, removal based on the use of air floats, and
the use of a frame seal.
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THE FOLLOWING DECISION THEE ILLUSTRATES THE INTERACTION OF
THE VARIOUS TCHUS DESIGN OPTIONS

SEGMENTATION

VAC. LOCATION

SHIELD MOD.

OUTSIDE
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PARTIAL
SEMIPERMANENT

/

\
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INSIDE
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VAC SEAL

TORUS REMOVAL

>
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FLOATS '
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DOOR
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REMOVABLE
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AIR
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SECTORTO-SECTOR

AIR
FLOATS

SECTORTO-SECTOR
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Viewgraph 43
Having briefly presented -i description of the design evolution
process we have been following with examples to illustrate key elements
of the process, we now turn to a description of the ETF design.
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THE OBJECTIVE OF THE PLENARY SESSION
IS TO ESTABLISH A COMMON UNDERSTANDING
OF THE DESIGN STATUS AND THE PURPOSE OF
THE DESIGN REVIEW
•

DESIGN EVOLUTION PROCESS

•

DESIGN DESCRIPTION

•

PHYSICS OVERVIEW

© ASSESSMENT OF R&D NEEDS
•

MAJOR UNRESOLVED DESIGN ISSUES

•

PRELIMINARY COST PROJECTIONS

•

"HIGH-LEVERAGE" PHYSICS ISSUES

•

INSTRUCTIONS TO REVIEWERS
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We have been developing two separate tokamak design configurations.
For each we have been looking at a number of options and performing a
number of trades. We have also been addressing a number of configuration
design issues.
The primary difference between the two designs is the divertor
approach. Design 1 is being developed assuming the incorporation of a
bundle divertor. Design 2 assumes a poloidal divertor.
First, I will describe Design 1 in detail. Then I will briefly
discuss the major differences between Design 1 and Design 2.
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TWO SEPARATE TOKAMAK CONFIGURATIONS ARE BEING
DEVELOPED IN THE PRECONCEPTUAL PHASE
DUE TO THE IMPACT OF THE DIVERTOR
OPTIONS
MAJOR OPTIONS AND TRADES
•

ACCESS AND MAINTENANCE

•

NUMBER AND SIZE OF TF
COILS

•

SHIELD SEGM ENTATION

DESIGN 1
BUNDLE DIVERTOR

DESIGN 2
POLOIDAL DIVERTOR

DESIGN INTEGRATION ISSUES
•

COMPONENT DESIGN
REQUIREMENTS

•

MECHANICAL ASSEMBLY

•

STRUCTURAL DESIGN
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This is an elevation drawing of Design 1. Noteworthy features are
as follows.
Cl) There are ten TF coils; they are superconducting (NbTi or
Nb 3 Sn) and nest against the bucking cylinder.
(2) The bucking cylinder has superconducting (NbTi) OH and EF
coils stacked inside the cylinder.

It is a segmented column with two-

directional dielectric breaks.
(5) The PF system is a hybrid; i.e., it has superconducting (NbTi)
external coils as well as small, normal (copper) internal trim coils.
(4) The cryostat system employs a common cryostat at the top/
inside and bottom of the TF coils and individual dewars for each of the
outer legs of the TF coils.
(5) A single bundle divertor is employed with two sets of coils,
as shown.
Details of all of the key systems will be described during the
review.

ORNL DWG80-2975A5 FED

PF COIL-

BUCKING
CYLINDER

OH/EF SOLENOID
VACUUM DEWAR

TF COIL
BUNDLE
DIVERTOR

TORUS
SECTOR

ETF DESIGN 1 - ELEVATION
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This is a plan view of Design 1. Noteworthy features are as
follows.
(1) There are 4 neutral beam lines, each with 6 sources, making a
total of 24 sources. The injection angle is 35°. The collector surface
area of the bundle divertor is 17 m 2 based on an averaged loading of
500 W/cm2.
(2) There is a fueling system to provide for pellet fueling.
Three pellet injectors are provided, one for deuterium, one for tritium,
and one for either redundancy or for injecting mixed-species pellets.
In addition, ten gas puffers s.±s provided in the fueling system.
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DESIGN NO. 1 - BUNDLE DIVERTOR CONCEPT
--BF
WAVEGUIDES
FUEL
INJECTOR
NEUTRAL BEAM INJECTOR
(4 PLCS)
INNER EF
COILS

FIflST WALL/ARMOR

UPPER PF
COILS
SHIELD

VACUUM
DEWAR
CONTAINMENT

1/10 SECTOR

ID
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The geometrical features of the ETF design are given here.
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GEOMETRY
MAJOR RADIUS, m

.

5.4

PLASMA CHAMBER RADIUS, m

1.4

PLASMA RADIUS, m

1.3

PLASMA ELONGATION

1.6

ASPECT RATIO

4.2

PLASMA CHAMBER VOLUME, m 3

333

PLASMA VOLUME, m 3

289

PLASMA CHAMBER AREA, m 2

400
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The operation of the device is envisioned to be as indicated here.
Discharge cleaning will be used to establish a base pressure o£ ^10 7 torr.
This procedure would be required following an operation in which the
torus is opened, A prefill will occur. For ^200 ms prior to current
startup, preionization by rf will occur at the conditions indicated.
The current rise will encompass a period of ^6 s. The approach
will use low-voltage, rf-assisted startup (with a high-voltage system as
a back-up option) to increase the current to ^3.7 MA. The density will
increase to 5 x 10 1 3 cm 3 , and the temperature will go to ^1 keV. This
will require rf power of ^5 MW.
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SUMMARY OF PLASMA SCENARIO
PHASE
(TIME)
PRECONDITION

PRIMARY
SCENARIOS
DISCHARGE CLEANING

KEY PARAMETERS AND VALUES
BASE PRESSURE < 10"7 Torr
PREFILL PRESSURE - 3 x 1Cr5 Torr

PREFILL
PREIONIZATION/
ELECTRON HEATING
(-0.2 s < t < 0)

UHR HEATING
FROM HIGH FIELD SIDE

CURRENT STARTUP
(0 <t<6s)

LOW VOLTAGE/
RF ELECTRON HEATING

V u = 12-25 Volts, P RF - 5 MW

(HIGH VOLTAGE AS
BACKUP)

l p - 3.7 MA

PRP ~ 1 MW, f ~ 130 GHz
ne - 10 13 c m 3 , T e « 200 eV
HEATING REGION A ~ 40 cm

n " e - * 5 x 1 0 1 3 cm" 3 , T e - 1 keV
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Bulk heating by neutral beams will occur from 6-12 s.

During this

period 60 MW of power at 150 keV will be employed to increase the density
to 1.8 x lO 1 ^ cm3, the temperature to 10 keV, the current to 6.1 MA, and
the average beta (6) to 6%.

At these conditions the burn would occur.

We have assumed a 100-s burn.
Following the burn a quench would occur over a 5-s period. This
could be accomplished by a density reduction.

Finally, 5 s would be

employed to reverse and reduce the plasma current to zero.
The total time jir these events is 122 s. This would be followed
by a 13-s period to evacuate the chamber and recharge the OH system.

99

FED/VU 80-294

SUMMARY OF PLASMA SCENARIO
PHASE
(TIME)
HEATING TO IGNITION
(6s<t<12s)

BURN
( 1 2 s < t « 112 s)

PRIMARY
SCENARIOS

KEY PARAMETERS AND VALUES
P N B - 6 G M W , E N B - 150 keV

• NEUTRAL BEAM
• DENSITY BUILDUP
• FLUX CONSERVING

"ne - 1.8 x 1Q14 c m - 3 , T - 1Q keV

CONTROLLED

n"e - 1.8 x 10 1 4 cm" 3 , T -

l p •* 6.1 MA, J-* 6%

l p = 6.1 MA,"/3-6%
Z

BURN QUENCH
(112 s < t < 1 1 7 s )

CURRENT QUENCH
(117 s < t « 122 s)

10 keV

DENSITY REDUCTION

e ff

= 1-5

7ie - * 5 x 10 1 3 c m 3 , ? - * 1 keV
l p -» 3.7 MA

-

PLASMA LEANS OUTWARD

A 13-SECOND TIME PERIOD IS ALLOWED FOR EVACUATING THE CHAMBER AND RECHARGING
THE OH CURRENT
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Viewgraph 50
The plasma thermal power balance for Design 1 is summarised here.
Of the 150 MW of a power, about one-third goes to the first wall, with
distribution as indicated. The remainder goes to the divertor, approximately equally divided between the collector plate and the divertor
channel.
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PLASMA THERMAL POWER BALANCE
DESIGN 1
FUSION a POWER, MW

150

POWER TO FIRST WALL, MW

50

•

CX NEUTRAL, MW

12

•

RADIATION, MW

32

•

CHARGED PARTICLES, MW

6

POWER TO DIVERTOR, MW

100

•

COLLECTOR PLATE, MW

50

•

DIVERTOR CHANNEL, MW

50
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We have considered the potential effects of plasma disruptions.
These are the characteristics that have been assumed. The frequency has
been assumed to be, on the average, one major disruption per 1000 discharges. The average thermal energy deposited per disruption is 200 MJ
with a deposition time of 20 ms. We have assumed that this energy is
deposited on the inboard surface over an area that is 10% of the total
chamber wall surface. A peaking factor of unity has been assumed over
this area.
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PLASMA DISRUPTIONS - CHARACTERISTICS
FREQUENCY OF DISRUPTIONS
T H E R M A L ENERGY DEPOSITED
PER DISRUPTION, MJ
TIME FOR CURRENT DECAY A N D
T H E R M A L ENERGY DEPOSITION, ms

1CT3

AREA FOR DEPOSITION, %

10

PEAKING FACTOR, PEAK/AVERAGE

1

200
20
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Viewgraph 52
Let us now briefly discuss the nuclear systems. They include the
first wall, protective armor, bulk shield, divertor collector, vacuum
pumping system, associated support systems for the shield and the torus,
and fuel processing system (not shown).
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Viewgraph 53
The characteristics of the first wall are given here. We assume a
first wall of stainless steel tubes cooled with water such that maximum
structure temperatures are ^365°C. The average neutron wall loading is
1.5 MW/m2. The peak surface heat load is ^17 W/cm2.
flux and energy are as indicated.

The total particle
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FIRST WALL - CHARACTERISTICS
DESIGN 1
MATERIAL

SS

COOLANT

H2O

MAXIMUM STRUCTURE TEMPERATURE, °C

365

AVERAGE NEUTRON WALL LOAD, MW/in 2

1.5

PEAK SURFACE HEAT LOAD, W/cm 2
TOTAL PARTICLE FLUX, ernes' 1
PARTICLE ENERGY, eV

17.1
2.7 x 10 1 6
1000
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Viewgraph 54

This viewgraph shows the first wall and armor.
consists of a tube assembly.

The first wall

Armor, used to protect against disruptions,

is located on the inboard, top, and bottom surfaces of the torus, as
indicated.

Additional armor is employed on the outboard surface to

provide protection against runaway electrons.
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FIRST WALL AND

ARMOR

DESIGN 1

OUTLET MANIFOLD

FIRST WALL
TUBE ASSEMBLY

DISRUPTION
ARMOR

RUNAWAY ELECTRON
ARMOR

INLET MANIFOLD
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This viewgraph indicates the Design I segmentation approach. The
torus comprises ten equal segments with removal at any single segment by
direct radial motion with no translational motion.
This sketch also indicates the 35° angle employed for each of the
four neutral beam lines. This injection angle has been chosen to allow
adequate confinement of the injected beam in the presence of the bundle
divertor.
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TORUS SHIELD SEGMENTATION
PLAN VIEW

DESIGN 1
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Viewgraph 56
This sketch indicates the use of air bearing transporters to remove
each of the ten torus sectors.
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AIR BEARING TRANSPORTER
AND SUPPORT STRUCTURE
SPOOL

AIR BEARING TRANSPORTER
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Viewgraph 57
This view illustrates the arrangement of the TF and PF coils for
Design 1.
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THE TF COILS AND PF COILS ARE SUPERCONDUCTING
EXCEPT FOR THE INNER EF COILS

Fit)
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Viewgraph 58
The TF coil characteristics are shown here. Their design will take
advantage of the information being generated by the LCP Program.

The

design field at the winding is 11.4 T. The bore size is ^7.5 it x 11 i.
The design is based on a maximum nuclear heating of 5 kW. The design
overall current density, including conductor, structure, and helium, is
1200 A/cm2.
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TOROIDAL FIELD COILS - CHARACTERISTICS
DESIGN 1
NUMBER
CONDUCTOR. NbTi OR Nb3Sn

10

DESIGN FIELD AT WINDING, T

11.4

CLEAR BORE HEIGHT, m
CLEAR BORE WIDTH, m
MAXIMUM NUCLEAR HEATING, kW

10.8
7.5
5

OVERALL CURRENT DENSITY, A/cm 2
(INCLUDES STRUCTURE/HELIUM)

1200
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The PF system is a hybrid.

A total of 85 volt-seconds is required,

with about one-third from the EF system and two-thirds from the OH
system. We assume the superconducting coils will be NbTi. The maximum
field in the OH system is assumed to be 7 T, which allows some margin
based on the LASL Program.

The OH overall current density is 1500 A/cm2,

and the OH current ramp time is 13 s. The EF system comprises both
superconducting and normal copper coils.
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POLOIDAL FIELD COILS - CHARACTERISTICS
DESIGN 1
85

VOLT SECONDS (TOTAL)
•

EF

27

•

OH

58

OHC CONDUCTOR

NbTi
7

OHC MAXIMUM FIELD AT COIL, T
OH CURRENT RAMP TIME, s
OH OVERALL CURRENT DENSITY A/cm
EFC CONDUCTOR

13
2

1500
NbTi
AND Cu
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Viewgraph 60
Thi? viewgraph illustrates the bucking cylinder, which is the
central core of the device.

It reacts the centering force of the TF

coils, approximately 73 million pounds each.

Keyed interfaces are used

to position the TF coils. Because the bucking cylinder is trapped by
the components it supports, it is considered to be semipermanent.
The bucking cylinder is stainless steel.

It encloses the internal

OH and EF coils; these coils are arranged as shown in a stacked configuration. The bucking cylinder is constructed as a segmented column
having dielectric breaks both axially and circumferentially.
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THE BUCKING CYLINDER REACTS THE CENTERING FORCES
OF THE.TF COILS AND ENCLOSES THE OH AND EF COIL STACK
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Viewgraph 61
The cryostat is a domed structure that encloses the TF coils, the
superconducting PF coils, and the bucking cylinder. This design permits
common containment around the device except for the outer legs of the TF
coils; these are enclosed with individual vacuum jackets that aid in
forming the window openings between the TF coils.
The top of the dewar is designed for access to the OH and EF coils
within the bucking cylinder. Access to the upper PF coils is accomplished by dome removal. Access to the lower PF coils is an inherent
problem, and we are continuing to seek a good solution.
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to

VACUUM CONTAINMENT OF THE CRYOGENIC SYSTEMS
IS PROVIDED BY A DOMED STRUCTURE AROUND THE DEVICE
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Viewgraph 62
The bundle divertor shown here is the largest single component on
Design 1.

It consists of three different sections. The magnetic section

is a pair of divertor coils (copper) and a pair of expander coils (copper)
that are shielded. The collector region consists of surfaces that
intersect the field lines. The pumping system uses three pairs of
cryopumps.
The total power loading on the divertor is 100 MW; half goes to the
collector, and half goes to the channel. The divertor is structurally
supported from adjacent TF coils.
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tn

THE BUNDLE DIVERTOR IS ONE OF THE MAJOR COMPONENTS
ESTABLISHING THE DESIGN 1 CONFIGURATION
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Viewgraph 63.
The divertor collector characteristics are given in this table.
The plates, tungsten on copper, are cooled by water. The divertor
requires 100 MW of power. The remaining data are information on particle
flux and energy.
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DIVERTOR COLLECTOR - CHARACTERISTICS
DESIGN 1
PLATE MATERIAL

Cu/W

COOLANT

H2O

POWER TO DIVERTOR, MW
(CHARGED PARTICLES)

100

POWER TO DIVERTOR PLATE, MW

50

PARTICLE FLUX TO DIVERTOR, IONS, S 1
MEAN CHARGE EXCHANGE NEUTRAL
ENERGY TO CHANNEL, eV
MEAN ION ENERGY IMPACTING DIVERTOR
PLATE, keV

2 x 10 2 3
300
1.5
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Viewgraph 64
This schematic shows the details of the collector plate construction
and indicates the combination of tungsten on the copper plate.
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SECTION OF DIVERTOR COLLECTOR
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Viewgraph 65
Let us turn now to some of the key electrical systems. These
include the neutral beam heating system, the rf heating system, and the
fueling system.

Following are brief comments on each.

ORNL-DWG80 3134 FED

132
Viewgraph 66

This viewgraph gives schematic details of the neutral beam heating
system.

Primary heating is accomplished by four neutral beam injectors

at an injection angle on Design 1 of 35°. There are six sources pei*
beam line, two vertical columns of three sources each.
modularized for easy replacement.

They are

Each beam line is divided into two

major assemblies; the vacuum box contains the sources, the magnets, and
the cryopumps; the drift tube contains the shield plug and interfaces
with the plasma chamber.

loo
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NEUTRAL BEAM
DESIGN 1
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Viewgraph 67
Auxiliary heating is accomplished by rf. This gives some of the
details of the LHRH launcher.
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LHRH LAUNCHER
(Design # 1 Only)
LHRH GRILLE
NBI PORT

FIRST WALL
CROSS SECTION

ELEVATION VIEW

LAUNCHER CLOSE-UP

X36
Viewgraph 68
The fueling system uses this assembly comprising the three pellet
injectors to achieve the required control to maintain the plasma density
and to provide redundancy. This system can provide for injection of
either deuterium or tritium pellets or of mixed-species pellets.
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THE FUELING SYSTEM IS AN AJSSEMBLY OF THREE
PELLET INJECTORS

INSULATED J O I N T -

u-••.-,-;.;.-V-

i i
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Viewgraph 69
The characteristics of the fueling system are given here. Pellets
that are 4 mm in diameter are injected by each of the three injectors at
a velocity of >2QQQ ra/s. The injection rate is 20/s at startup and 4/s
during the burn. The system also provides for gas puffing using ten
puffers with a pulse rate of 5 pulses/s.
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FUELING - CHARACTERISTICS
NUMBER OF PELLET INJECTORS
PELLET VELOCITY, m/s

3
>2000

INJECTION RATE
•

STARTUP, s 1

20

•

BURN, s 1

4

PELLET DIAMETER, mm

4

NUMBER OF GAS PUFFERS
PUFFER PULSE RATE, s

1

10
5
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Viewgraph 70
This viewgraph indicates that for Design 1 the overall system power
balance includes a total thermal output of 740 MW(t) (which includes
credit for neutron energy multiplication by a factor of 1.3) and requires
electrical input of 300 MW.
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OVERALL SYSTEM POWER BALANCE
(AVERAGE OVER 135 s CYCLE)
DESIGN 1
THERMAL OUTPUT, MWt

740

(THIS INCLUDES A NEUTRON ENERGY
MULTIPLICATION FACTOR OF 1.3)
ELECTRICAL REQUIREMENTS. MWg

300
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Viewgraph 71
We have performed some preliminary studies of the facilities
required for the ETF. The tokamak building is cylindrical and has been
selected to provide over-pressure containment if needed. The building
is large, with the size determined by the size of the components and the
assembly/disassembly/maintenance requirements.
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THE TOKAMAK BUILDING IS A KEY ELEMENT
OF THE ETF FACILITIES DESCRJPTION
CYLINDRICAL SHAPE SELECTED TO PROVIDE FOR
CONTAINMENT OF POSTULATED INTERNAL OVER
PRESSURE
SIZE IS DETERMINED BY COMPONENT SIZE AND
SPACE REQUIRED FOR ASSEMBLY/DISASSEMBLY
AND MAINTENANCE
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Viewgraph 72
This is an elevation view of the cylindrically shaped tokamak
building.
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ELEVATION VIEW OF TOKAMAK BUILDING

74 m
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Viewgraph 73
A layout has been developed for the hot cell building adjacent to
the tokamak building. The total hot cell area is about 50 m by 100 m,
with the size dictated by the area needed for the large components, the
maintenance equipment, and the required lay-down area.
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A PRELIMINARY LAYOUT FOR THE HOT CELL BUILDING
PROVIDES SHIELDED SPACE FOR MAINTENANCE AND
EQUIPMENT LAYDOWN
•

•

LARGE AREAS ARE NEEDED FOR:
•

LARGE COMPONENTS

•

REMOTE MAINTENANCE EQUIPMENT

•

COMPONENT LAYDOWN AREA

TOTAL HOT CELL AREA IS LARGE (-50 m x 100 m)
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Viewgraph 74
This viewgraph shows a plan view of the hot cell area adjacent to
the tokamak building.
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TOKAMAK BUILDING AND HOT CELL PLAN

7

f

T
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Viewgraph 75
The preliminary site layout provides for the necessary support
systems and has been developed considering these factors. This layout
does not provide for warehouses or R§D support facilities that might be
required.
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THE PRELIMINARY SITE LAYOUT PROVIDES FOR REQUIRED
TOKAMAK SUPPORT SYSTEMS
LAYOUT CONSIDERED
•

CONTAINMENT OF TRITIUM AND RADIOACTIVITY

•

REMOTE LOCATION OF CONTROL ROOM FOR SAFE
OPERATION

•

EQUIPMENT SIZE AND ARRANGEMENT

•

MAINTENANCE AND REPAIR SPACE

•

LENGTH OF ELECTRICAL LEADS AND REQUIRED
PIPING

LAYOUT DOES NOT PROVIDE FOR WAREHOUSES OR
SUPPORT FACILITIES (RESEARCH OR TECHNOLOGY DEVELOPMENT)
THESE MAY BE ADDED LATER
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Viewgraph 76
This is a sketch of the preliminary site layout.
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PRELIMINARY SITE LAYOUT
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Viewgraph 77
The facilities that have been developed for the ETF provide for
operation and maintenance consistent with safety and environmental
considerations.
The designs, although preliminary, are feasible; are based largely
on considerations of device size, maintenance, safety, and environment;
can influence the machine design; and remain flexible because future
design changes may require modification to the design of the facilities,
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AN ETF FACILITIES DESCRIPTION HAS BEEN DEVELOPED
WHICH PROVIDES FOR ETF OPERATION AND MAINTENANCE
CONSISTENT WITH SAFETY AND ENVIRONMENTAL CONSIDERATIONS
THE ETF FACILITIES PRELIMINARY DESIGNS
•

ARE FEASIBLE

•

ARE DICTATED BY
•

MACHINE SIZE

•

MAINTENANCE CONSIDERATIONS

o SAFETY AND ENVIRONMENTAL CONCERNS
•

CAN INFLUENCE MACHINE DESIGN

•

REMAIN FLEXIBLE AND WILL CHANGE AS DESIGN CONSIDERATIONS
DICTATE
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This completes the discussion of Design 1. Let me comment briefly
on Design 2 by indicating differences between the two designs. The
major differences are summarized here.
(1) Divertor approach — Design 2 is based on a poloidal divertor.
(2) TF coil size — the TF coils in Design 2 are larger in bore,
the size dictated by the desire to maintain a window size to permit the
removal of a blanket sector and the associated shield and divertor
channel and not to design in any shielding that would remain semipermanently in place.
C3) The PF configuration — Design 2 has all coils external to the
TF coil array.
(4) The torus pumping system — Design 2 uses the divertor ducts
and pumps.
(5) The NB injection angle — Design 2 has an injection angle of
16°.
(6) The approach for limiting the plasr. i — Design 2 uses a movable
limiter.
It should be noted that Design 2 is the basis for the U.S. INTOR
design; after June 1980 the design effort for INTOR will be the responsibility of the ETF Design Center.
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THE MAJOR DIFFERENCES BETWEEN DESIGN 1 AND DESIGN 2
ARE SUMMARIZED BELOW

DIVERTOR APPROACH
TF COIL SIZE
POLOIDAL COIL CONFIGURATION
TORUS PUMPING SYSTEM

NEUTRAL BEAM INJECTION ANGLE
APPROACH FOR " L I M I T I N G " PLASMA

DESIGN 1

DESIGN 2

BUNDLE

POLOIDAL

7.5 m x 10.8 m 8.6 m x 12.6 m
HYBRID

EXTERNAL

NBI DUCTS

DIVERTOR
DUCTS AND
PUMPS

35°

16°

BUNDLE
DIVERTOR

LIMITER/
POLOIDAL
DIVERTOR

DESIGN 2 WILL PROVIDE THE BASIS FOR THE US INTOR DESIGN
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Viewgraph 79
This is an elevation schematic of Design 2. Noteworthy are all
external EF coils, the poloidal divertor with a single-null divertor
channel located at the bottom of the plasma, and the torus pumping that
uses the divertor channel.
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DESIGN 2 - ELEVATION VIEW
CRYOSTAT VACUUM
STRUCTURE

EXTERIOR EF COILS
POLOIDAL DIVERTOR

DIVEPJOR MODULE
,—TORUS

V SECTOR / J

DIVERTOR/TORUS
CRYO PUMP
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Viewgraph 80
There are differences in the PF coil characteristics, primarily in
the distribution of the volt-seconds between the EF and OH systems.
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POLOIDAL FIELD COILS - CHARACTERISTICS

VOLT SECONDS (TOTAL)

DESIGN 1

DESIGN 2

85

_

•

EF

27

70

•

OH

58

15

OHC CONDUCTOR

NbTi

—

7

—

13

-

1500

-

OHC MAXIMUM FIELD AT COIL, T
OH CURRENT RAMP TIME, s
OH OVERALL CURRENT DENSITY, A/cm
EFC CONDUCTOR

2

NbTi
AND Cu

-

1G2
Viewgraph 81
The plasma thermal power balance of Design 2 differs somewhat from
that of Design 1; the power to the first wall has a slightly larger
amount of radiation — 38 MW versus 32 MW. A second difference is in the
distribution of the power that goes to the divertor; in Design 2, which
has a poloidal divertor, ^80% goes to the collector plate and 20% to the
channel. This compares to the 50/50 split in Design 1 with a bundle
divertor.
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PLASMA THERMAL POWER BALANCE

FUSION a POWER, MW
POWER TO FIRST WALL, MW
•

CX NEUTRAL, MW

•

RADIATION, MW

•

CHARGED PARTICLES, MW

POWER TO DIVERTOR. MW
•

COLLECTOR PLATE, MW

•

DIVERTOR CHANNEL, MW

DESIGN 1

DESIGN 2

150
50
12
32
6
100
50
50

—
—
38
0
100
80
20
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Viewgraph 82
This sketch indicates how the poloidal divertor channel for Design 2
is also used for the torus pumping system.
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POLOIDAL DIVERTQR/TORUS PUMPING SYSTEM
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Viewgraph 83
This plan view of Design 2 shows the torus segmentation such that
one sector (which is one-tenth of the torus) is removable solely by
radial motion between two TF coils. This sketch also illustrates the
16° angle of each of the four neutral beam lines.
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TORUS SHIELD SEGMENTATION
PLAN VIEW

ELEVATION

DESIGN 2
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Viewgraph 84
A movable limiter was developed for Design 2, and this viewgraph
indicates some of the details.
The limiter is made of 316 stainless steel and is actively cooled
with water. It is located on the outboard side of the plasma chamber as
indicated. A pneumatic servoactuator provides the desired movement.
When retracted, the limiter becomes part of the first-wall surface.
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LIMITER DESIGN

REMOVABLE

UMITER

SEGMENT

CONCENTRIC
INLET / OUTLET
MANIFOLD

PNEUMATIC
SERVO ACTUATOR

- UMiTER

FIRST

WALL

VACUUM
BELLOWS

( 3 1 8 SS)

LIMITER

TUBE ODa3cmi
TUBE I D * 1 em i

to

cm

SHIELD

SEAL

SEAL
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A comparison of the overall systems power balance between the two
designs indicates that the thermal output is the same, but Design 2
requires ^100 MW(e) less electrical power because of the use of a
poloidal rather than a bundle divertor.
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OVERALL SYSTEM POWER BALANCE
(AVERAGE OVER 135 s CYCLE)
DESIGN 1
THERMAL OUTPUT, MW t

DESIGN 2

740

740

300

200

(THIS INCLUDES A NEUTRON ENERGY
MULTIPLICATION FACTOR OF 1.3)
ELECTRICAL REQUIREMENTS, MWe

172
Viewgraph 86
The next subject to be covered in the plenary session will be an
overview of the ETF/INTOR physics. This will be presented by
Paul Rutherford, chairman of the ETF/INTOR Physics Committee.
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THE OBJECTIVE OF THE PLENARY SESSION
IS TO ESTABLISH A COMMON UNDERSTANDING
OF THE DESIGN STATUS AND THE PURPOSE OF
THE DESIGN REVIEW
•

DESIGN EVOLUTION PROCESS

•

DESIGN DESCRIPTION

•

PHYSICS OVERVIEW

•

ASSESSMENT OF R&D NEEDS

•

MAJOR UNRESOLVED DESIGN ISSUES

•

PRELIMINARY COST PROJECTIONS

•

"HIGH-LEVERAGE" PHYSICS ISSUES

•

INSTRUCTIONS TO REVIEWERS
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PHYSICS OVERVIEW
Paul Rutherford
Viewgraph 87
The physics objectives of the ETF and of the international device
INTOR are similar and are threefold:
Cl) ignition,
(2)

a sufficient thexmonucleax power density to pxoduce a neutron

flux acxoss the f i r s t wall of not less than 1.3 MW/m2, and
(3)

a long burn pulse, not less than 100 s.
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PHYSICS OBJECTIVES OF ETF/INTOR

0

Ignition in a D-T plasma

• Neutron wall loading _> 1.3 MW/m2
9

Controlled burn pulse > 10 0 sees
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Viewgraph 88
The achievement of ignition will depend on the factors listed here;
we will now discuss each of these.
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IGNITION
Achievement of ignition depends on
—

Confinement scaling

—

allowable 3-value

—

heating power

—

impurity level

—

plasma start-up

—

field ripple.
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The most extensive studies to date of the requirements for reaching
ignition were oarried out last year under the auspices of INTOR.

These

studies and the results presented today are based on a set of guiding
parameters formulated at the beginning of the year; these are listed in
the first column.

As a result of these studies, by the end of the year

the INTOR Workshop was able to agree on a set of recommended parameters,
listed in the second column.
Subsequently, the ETF has a set of parameters that, at least for
our present purposes, are identical to those in the second column.

The

plasma radius, field strength, and current are all slightly larger in
the second set. On the basis of present scaling laws, and at fixed (3,
the ni capability of the second set of parameters exceeds that of the
first by 70%. Again, the detailed results presented today are based on
the first set.
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INTOR GUIDING PARAMETERS

Jan. 1979

Dec. 1979

Plasma radius, a(m)

1.2

1.3

Major radius, R(m)

4.5-5.0

5.2

Vertical elongation, tc

1.2-1.6

1.6

Toroidal field on axis, B ^ T )

S

5.5

Ignition <B> (%)

-

4.0

Burn phase <3> (Z)

6

5.0(5.5)*

1.2

1.3(1.4)*

Average temperature, <TJ> (keV)

10

10

Plasma current, I (MA)

4.5

6.4

20 _3

Average density, <n> (10 m

)

Burn pulse (sees)

30-500

j>100

Neutron wall load, PQ(MW/m2)

1.0-1.5

Neutron beam power (MW)

50 - 75

75

Neutral beam energy (keV)

150 - 200

175

1.3(1.6)*

Neutral beam pulse (sees)

5

6

Impurity control

-

divertor

12. 16

12

S/C

S/C

Toroidal field coils
Conductor
Edge field ripple (Z)

± 1.0

± 0.75

Central field ripple (Z)

-

± 0.1

Poloidal field oils

-

S/C

Location relative to TF

-

outside

Maximum start-up voltage (V)

100 - 400

Parameters in parenthesis are for P n -1.6HW/m 2

100
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All of our studies have been based on the present-day empirical
scaling law for energy confinement, sometimes called Alcator scaling,
given here.

In transport codes a transport model has been employed in

which the electron thermal diffusivity and particle diffusion are based
on this empirical law.

Variations about this standard model have been

considered, i.e., variations in magnitude and T
predictable results that we will not go into.

dependence of x • with
Also, profile factors

have been introduced to improve agreement with PLT results but do not
lead to any qualitative changes in the results for ETF/INTOR.
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CONFINEMENT SCALING
—

Estimates of the requirements for ignition in
ETF/INTOR have been based on the empirical scaling
law:
TE(sec) = 5 x 10~19ne(cnf 3)a(cm)2 .

—

A "standard" transport model has been employed:
*e

5 x 1Q 1 7 cm2
„ (cm
, -3.
n
) sec
e

X. = 3 x neoclassical
D = X e /4 .
—

Variations in magnitude and

T - dependence of \

as well as profile factors designed to improve the
agreement with high-temperature PLT results, have
been considered.
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How valid is this empirical scaling law?

Data reported at the

recent IAEA meeting show that, the best energy confinement times in the
world's tokamaks remain just below 100 ms, where they have been for the
past four years. Not until TFTR operates will we have a point at about
T F = 0.4 s, according to the empirical law.
On the other hand, many devices obtain confinement times somewhat
above the empirical line, although at very high densities.

Alcator C

sees a greater degradation in confinement than neoclassical theory would
predict.

It is important to note that when we apply the empirical

scaling to ETF/INTOR, we employ nab, where b is the elongated vertical
minor radius. With the present parameters this assumption gives the 70%
margin over ignition requirements mentioned before.

However, Doublet III

fits the line on the basis of na 2 and does not show such a pronounced
improvement of confinement with elongation.

With the more pessimistic

assumption, using just na 2 for ETF/INTOR, the margin for ignition would
disappear.
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SCALING OF ENERGY CONFINEMENT TIME
(Ohmic Heating Only)
I
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Viewgraph 92
The empirical scaling law cannot be a true physical law because it
is not dimensionally correct. Three theoretically based scaling laws
were presented at the IAEA meeting; these are liste-' here under their
proponents, all of which are quite successful with present data. Scaling
to the ETF from some standard PLT case, defined here, two of these
scaling laws predict confinement times essentially the same as with
Alcator scaling, and one predicts better, because of a favorable temperature dependence. Thus, despite the uncertainties, the present empirical
law may provide a reliable prediction for the ETF.
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ALTERNATIVE SCALING LAWS
P r e d i c t i o n s f o r ETF/INTOR

Alcator

T £ - na 2

T E (8)*

1.1

T_ ~ na 2 T /B Q

5.2

Hirshman-Molvig
TE - n a 3 f ( T . / T e ) (a/R) 2 /q 2 T^2

1.5

Mereshkin
3
T_-nR
q(a/R) 1 / VT 1e/ 2
&

1.4

Coppi-Mazzucato

Scaled to ETF/INTOR parameters (a = 1.3 m) from a "standard"
PLT case with T = 40 ms , a = 40 cm , R = 130 cm , B = 30 kG ,
n = 5 x 10 13 cm"3 , T = T = 1 keV , q = 3.5.
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If we assume the empirical law, then the condition for ignition at
a given ion temperature becomes simply a condition on plasma B, plotted
here for the initial device parameters. We see that a plasma B of 4% is
needed.
On the same figure we have drawn curves of constant neutron wall
loading, giving about 1 MW/m2 at the ignition point. It follows from
this that Alcator scaling, whatever its merits as a physical law, is
just about right, neither too good nor too bad, to achieve ignition in a
tokamak with the desirable neutron wall loading.
We have also plotted here the deuterium beam energy for opLiiuum
beam penetration according to the formula given. We see that the optimum
beam energy for the ETF would be ^300 keV. However, transport code
studies have shown that ignition can be achieved with beam energies in
the range 150-200 keV, especially using a variable-density startup.
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IGNITION CONDITIONS
8

Ignition

NeutronWall
Loading
MW - j

CC

-

200keV' ,
150keV

rE= 5xJ0"2l<n> (m"3)a(m)2
E b (keV)=l8O<n>(IO 2 O rn" 3 )a(m)

0

5
10
15
20
25
AVERAGE ION TEMPERATURE < T j > n ( k e V )

30
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Viewgraph 94
This is an example of such transport code results (Singer's).

We

show the 3 value at the moment of ignition and the heating pulse length
required as a function of density for two beam energies and a total
heating power of 60 MW. We see that B at ignition is invariably just
less than 4% and that the heating pulse needed is ^6 s.
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IGNITION REQUIREMENTS

150 keV

.5* ^

200 keV

A*

-

(a)<j3>f g

1.0

1.2

1.4
1.6
14
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1.8
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10-

8

J2 6
200 keV

JOT
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Startup
Neutral Beam Power: 60 MW

1.0

1.2

1.4

1.6
l4

3

<n e >(l0 cm )

1.8

2.0
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Of the other factors influencing ignition, perhaps the most important
is field ripple. To keep the contribution of ripple to ion thermal
diffusivity no higher than three times neoclassical, the peak-to-mean
edge ripple should not exceed 0.75% and the central ripple 0.1%. These
values are achievable, for example, with a 12-coil TF set with coil
dimensions of 9 m x 7 m. The ETF design coils are larger than this and
can satisfy the requirement with 10-coil designs.
Good beam ion confinement depends mainly on keeping the ripple low
enough so that toroidal effects eliminate almost all local ripple
trapping.; i.e.* a > 1. Calculations from the Japanese INTOR delegation,
assuming this 0.75% ripple value, found that losses would be high unless
the injection angle was at least 20° to the normal; however, these
calculations may be overly pessimistic.
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FIELD RIPPLE
—

Ion Heat Transport
• e?ge ripple must be reduced to ± 0.75% and.
central ripple to ± 0.1%
• these values are achievable with a 12-coil
TF with coil height/width of 9 m/7m .

—

Beam Ion Confinement
• injection angle should be _>20° to normal
• region of local ripple trapping must be
minimal, i.e., a = r/RNq<5 > 1.

—

Alpha Particle Confinement
• less stringent conditions than for beam
ion confinement.

192
Viewgraph 96
This viewgraph shows constant ripple contours superimposed on an
elliptical plasma for a typical ETF/INTOR case. The shaded areas are
the large regions where local ripple trapping is eliminated.

193

TOROIDAL FIELD RIPPLE
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The l a s t question on the subject of ignition is how plasma startup
is to be achieved.
schematically.

Here the startup and shutdown phases are i l l u s t r a t e d

In all options the i n i t i a l startup, that, i s , the f i r s t

100 kA, i s done in about 100 ms in a PLT-sized plasma with density of
about 10 1 3 , from which a larger plasma is subsequently grown.

There

are, however, two options.
The f i r s t is a conventional ohmic startup, which requires a peak
voltage of ^100 V; after the i n i t i a l 100 ms, resistive volt-second
losses are minimized by raising the current to 4 MA quite rapidly, i . e . ,
in ^2.5 s.
The second opt_ a i s a rf-assisted startup (Peng's), in which ^5 MW
of rf power is coupled to the electrons not just for the i n i t i a l 100 ms,
but for a period of ^6 s during which the current is raised to 4 MA.
This option i s shown by the broken lines.

The electron temperature is

maintained at ^500 eV throughout this period, resistive volt-second
losses are minimized, and, in particular, the peak voltage i s lowered to
20 V.

195

START-UP AND SHUTDOWN
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The second topic, to be treated only very briefly, is neutron wall
loading.
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NEUTRON WALL LOADING
—

For a given device size and field strength,
the achievable neutron wall loadirg depends
mainly on the B-value.

—

Theoretically stable equilibria up to
3' -5.5-6.0% have been demonstrated,
sufficient for an average neutron wall
loading of 1.3 MW/m2 .

—

For an average neutron wall loading of 1.6MW/m2,
the burning ETF/INTOR plasma will operate
slightly into the theoretically unstable regime,
as have ISX-B and T-ll.

—

These 0*- values include a contribution of 1%
from alpha-particles and thermalized helium.

198
Viewgraph 99
Here we show theoretical results for stability limits on S* [defined
in terms of the root-mean-square pressure) as a function of inverse
aspect ratio. The lower two lines are the original published results
using the PEST code for circular and D-shaped plasmas. The upper line
is also from PEST, but the results have been obtained by using optimized
profiles and a lower q. The 6* required in ETF/INTOR (including a 1%
contribution from a particles) to achieve the indicated values of
neutron wall loading is shown by three points.
Thus, theoretically stable equilibria have been demonstrated
sufficient for a wall loading of 1.3 MW/m 2 , but at 1.6 MW/m 2 the ETF
plasma may operate slightly into the unstable regime. However, data
presented at the Brussels meeting from ISX-B and T-ll for circular
plasmas have shown that the theoretical limit can seemingly be substantially exceeded.
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NEUTRON WALL LOADING IN E T F / I N T O R
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The final tcroic to be discussed here is long burn pulse. Achievement of a burn pulse of at least 100 s requires (1) burn control,
(2) helium exhaust, and (3) impurity control.
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LONG BURN PULSE
Achievement of a burn pulse _> 100 sees requires:
—

Burn control
• self-regulation at the B-limit?
• variable field ripple adjustable to
± 0 . 3 - 0 . 4 % at the plasma center
-• high-Q subignition operation.

—

Helium exhaust
• helium retention limits the burn pulse
to about 30 sees
• only a small fraction of the recycling
helium need be exhausted (about 1% exhaust
gives n H e /n e - 4%)
• exhaust of D-T should be minimized for an
acceptable burn-up of tritium.

—

Impurity control
• distribute the plasma power outflux
(-100MW) over a large surface-area
"limiter" or "divertor-plate"
• protect the plasma from impurities
generated at the limiter/divertor-plate.
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First, burn control to prevent thermal runaway is necessary. There
are various possibilities. The plasma may regulate itself by enhanced
transport at the 8 limit. However, the most attractive active technique
seems to be variable field ripple, which would need to be adjustable to
0.3-0.4% at the plasma center.
This viewgraph shows 3 as a function of time for cases where the
central ripple is increased by small changes in alternate TF coils of a
12-coil set. As can be seen, the 6 can be held stably at whatever value
is desired.
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Second, achievement of a burn pulse of at least 100 s requires
helium exhaust. Helium will be b o m with a radial profile, as shown
here. However, because neutral helium will penetrate only a very short
distance into the plasma, the profile of recycled helium will be very
flat, as shown, and the recycling rate will be high. It follows that
only a very small fraction a of the recycling helium need be pumped.
Indeed, this simple calculation shown here (Schmidt's) shows that for a
4-s confinement time for the newborn helium, pumping as little as 1% of
the recycling flux should be sufficient to achieve a helium contamination as low as 4%.
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REQUIREMENTS FOR HELIUM EXHAUST
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Let us suppose that this helium exhaust is done by means of a
poloidal divertor and that the exhaust channel leading from the main
plasma to the divertor plate is 60 cm long and 30 cm wide. Calculations
by Post's group have shown that the scrape-off plasma reduces the channel
conductance for backflow of neutral helium by a factor of ^30. Combined
with our result that only 1% of recycling helium need be pumped, this
leads to a very modest pumping requirement of only 2000 i/s from the
divertor chamber. Moreover, if the exhaust channel is evenhanded in its
treatment of helium and deuterium-tritium, the tritium burnup fraction
would be a very healthy 20%. Even if we were too optimistic in our
estimate of the needed helium removal and it really should be 5%, the
tritium burnup fraction would still be an acceptable 4%.
Now, it has been argued, first by the Japanese INTOR delegation,
that the conductance of a plasma-filled exhaust channel would be higher
for deuterium-tritium than for helium, leading to helium enrichment in
the divertor and a very large tritium burnup if the pumps are sized for
helium exhaust. On the other hand, results from Post's group indicate
an antienrichment, implying a very low tritium burnup. More work is
needed on this problem.
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HELIUM EXHAUST BY A POLOIDAL DIVERT

— Steady-state

n H /ne

= 4%

— P a r t i c l e confinement times

x

= 4s,

— E x h a u s t c h a n n e l 60 cm * 30 cm
— Plasma r e d u c e s c h a n n e l c o n d u c t a n c e f o r He
by - 3 0
Helium
Removal

0.04

0.2

1%

5%

Pumping
required

2 * 10 3 Z/s

10 4 l/s

Tritum
Helium
enrichment burn-up
0.1*

2%

1.0

20%

4.0+

80%

1.0

4%

*Typical of PPPL results including molecular D-T ions
'Typical of Japanese r e s u l t s .
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Three options for impurity control and helium exhaust are being
considered for the ETF.
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IMPURITY CONTROL AND HELIUM EXHAUST OPTIONS
—

—

Non-Divertor Schemes
• technologically attractive
• peak heat load on optimally-shaped toroidal limiters
-150 W/cm2
• helium exhaust via long mechanical channels parallel
to field lines behind the limiters.
Bundle Divertors
• relatively attractive assembly and maintenance
• requirements for:
- low field perturbation (ripple)
- adequate space for shielding
are necessarily in conflict
• T-coil designs with flux expander have:
- adequate shielding (-20 cm)
- ripple (-1% on axis) too high for beam ion
confinement
• 4-coil designs have lower ripple (-0.5% on axis).
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Many nondivertor schemes have been proposed, and most of these
ideas have many features in common.
As an example, we will show one scheme, Ulrickson's, in which the
heat load is taken on a shaped toroidal limiter and can be as low as
150 W/cm 2 peak. Helium exhaust is via long mechanical channels parallel
to field lines behind the limiter, which is supported by channel walls
tilted to follow the field lines. Halfway along the channel is a catcher
plate at which plasma flowing behind the limiter is neutralized.

Beside

each catcher plate is a pumping port. There are six of these assemblies
arranged around the torus. The scheme relies on the scrape-off plasma's
being wider for particle density than for energy density.

Although

there would not be enough plasma behind the limiter to affect the
conductance of the channel, the conductance of a 1-m-long port at the
catcher plate would exceed the channel conductance by a factor of 4.
Thus, there is every reason to believe that such a scheme, and
others like it, would be effective for helium exhaust.
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Viewgraph 106
Next, we consider the bundle divertor, which is, of course, attractive
among divertor options for assembly and maintenance. The problem with
the bundle divertor is that the requirements for low ripple and adequate
shielding space are necessarily in conflict, the former benefiting from
small, close divertor coils and the latter from larger, more distant
coils. Much progress has been made in recent months, but a totally
satisfactory compromise has not yet been reached.
For the ETF, at present, a T-coil design, with a second T-coil flux
expander, has been chosen to minimize the powev density on the divertor
plate. However, this design has a ripple on-axis roughly 1% peak to
peak, which, according to calculations by Rome, is somewhat too high for
satisfactory beam ion confinement. Alternative four-coil designs by
Dory and Sheffield create a more rapidly decreasing octupole field and
have satisfactory ripple on-axis; however, this idea is generally
incompatible with shielding requirements and flux expansion. One possibility, proposed by Rome, would be to install two bundle divertors: a
four-coil version to be used during the heating phase and a flux-expanded
version to be used during the burn.
It must also be noted that the problems of bundle divertors are
greatly eased in larger, lower-field designs.
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Finally, we consider the poloidal divertor. The exterior coil
poloidal divertor has been adapted for INTOR and ETF Design 2. As we
have already seen, relatively short (50-80 cm) divertor channels provide
helium exhaust and, it must be emphasized, very effective shielding
against impurities generated at the divertor plate. Single-null designs
are preferred, for optimum utilization of space, and the critical issues
are those related to the peak heat load on the divertor plates, which
might be ^500 W/cm2, and will depend on the plate tilt and separatrix
control.
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Poloidal Divertors
• interior-coil designs unacceptable
• exterior-coil designs:
- PF requirements not much greater than for
D-shaped non-divertor cases
- separatrix controllable from
8 = 0 , 1 = 4MA to 6 = 6% , I =6 MA
P
P
- feedback power for vertical stability will be
high (-100 MW) unless the feedback coils are
inside the TF.
• short (50-80 cm) divertor channels provide:
- helium exhaust with moderate pumping requirements
- effective shielding against impurities generated
at the divertor-plate.
• "single null" designs preferred
- peak heat load on divertor-plates ~500W/cm2
depending on plate tilt and separatrix control.
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For example, the original external poloidal divertor concept
proposed by Japan for INTOR, shown here, indicates the difficulty of
t i l t i n g the inner plate without invading the inboard shield.

Careful

shaping of the divertor plate to minimize peak power deposition will
obviously work only if the separatrix can be accurately controlled.
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Finally, because the problem of handling the heat loads in ETF/INTOR
presents probably the most severe of the design requirements, we provide
estimates, based on the physics, of what these energy and particle
fluxes are likely to be. These estimates are for a total thermonuclear
power of 620 MW and an a particle power of 125 MW.

Of this 125 MW,

estimates based on transport code results indicate that for a substantially pure D-T plasma, the radiation would be ^15 MW, to the wall of
course, and the charge exchange ^10 MW, also to the wall.
These values are manageable, but if they were significantly higher,
the first-wall design would become problematical; that is, thermal
fatigue and erosion would become severe. Even for this charge exchange
flux the erosion would be 0.5 mm/year. Unhappily, the charge exchange
flux will net be uniform but, in a divertor case, will be peaked near
the divertor throat, creating a severe local erosion problem.
The bulk of the power, 100 MW, flows out in charged particles. For
a scrape-off temperature of 300 eV, the particle flux to the divertor
must be 2 :< 10 23 /s, corresponding to an overall particle confinement
(recycling) time of 0.2 s, a reasonable expectation.
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ENERGY AND PARTICLE FLUXES
Total Thermonuclear Power

625 MW

Alpha-Particle Power

125 MW

Power to Divertor (charged particles)

100 MW

Radiation to Wall (uniform)

15 MW

Charge-Exchange to Wall
(peaked near divertor throat)

10 MW

Particle Flux to Divertor (ions)

2x 10 23 s"1

Scrape-off Temperature

300 eV

Mean Charge-Exchange Neutral Energy

300 eV

Mean Energy of Ions Striking
Divertor Plate

1.3keV

Ripple Losses of Beam Ions
(over - I n 2 at banana tips)

- 2MW

Ripple Losses of Alpha Particles

small

Neutral Beam "Shine Through" (-1 sec)

5 - 10 MW

Disruptions (spatial peaking factor
-10)

- 200 MJ
in -20 ms
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This viewgraph illustrates how the charge exchange flux will be
peaked near the divertor throat.
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The specifications of energy deposition in disruptions present an
area of considerable uncertainty. For design purposes the time constant
has been specified at 20 ms, a little shorter than theoretical estimates
would give. As for the spatial distribution of the energy deposition
(which has been seen in ISX-B), allowance must be made for radially
inward motion, which occurs most frequently in present tokamaks, and for
up/down motion, which might occur in vertically elongated plasmas.
Don Steiner will now resume the design overview presentation.

DISRUPTIONS
— Frequency of occurrence of major disruptions must be reduced (to about 10 ,
-2
compared with 10 in present tokamaks)
• optimized discharge scenarios (developed during the initial experimental
phase for use in the subsequent testing phases)
• operation at q £ 2 (?)
• stabilization by close passive conductors (difficult) or active magnetic
feedback (very difficult).
— Designs of protection against thermal and electro-mechanical consequences of
disruptions should be based on:
• 200 MJ deposited on the first wall
• 20 msec for current decay and energy dump (theoretical estimates ~50-100 msec)
• a few disruptions with faster energy dump
• discharge moves radially inward (or up/down) intersecting about 1/3 of the
wall with further peaking factor ~ 3
• overall peaking factor ~ 1 0 .
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DESIGN OVERVIEW
(continued)
Viewgraph 112
Now we will cover the next four items on the agenda by touching
briefly on each. The first of these is the R§D needs assessment.
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FED/VU 80-305

THE OBJECTIVE OF THE PLENARY SESSION
IS TO ESTABLISH A COMMON UNDERSTANDING
OF THE DESIGN STATUS AND THE PURPOSE OF
THE DESIGN REVIEW
•

DESIGN EVOLUTION PROCESS

•

DESIGN DESCRIPTION

•

PHYSICS OVERVIEW

•

ASSESSMENT OF R&D NEEDS

•

MAJOR UNRESOLVED DESIGN ISSUES

•

PRELIMINARY COST PROJECTIONS

•

"HIGH-LEVERAGE" PHYSICS ISSUES

•

INSTRUCTIONS TO REVIEWERS
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The physics and technology Rf*D needs of the ETF were assessed on a
systems basis. These eight systems were employed in making the assessments.

In addition, input from the U.S. INTOR activity was folded i".o

this assessment.
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THE PHYSICS AND TECHNOLOGY R&D NEEDS OF THE
ETF HAVE BEEN ASSESSED ON A SYSTEMS BASIS

MAGNETIC
SYSTEMS
PULSEO POWER
DELIVERY SYSTEM

PLASMA HEATING
SYSTEM

REACTOR BLANKET
STRUCTURAL SYSTEM

PLASMA FUELING
SYSTEM

TRITIUM HANDLING
AND VACUUM SYSTEM

PLASMA PURITY
CONTROL SYSTEM
PLASMA
PREHEATING
SYSTEM

INPUT FROM T H E U. S. INTOR A C T I V I T Y WAS FOLDED
I N T O THIS ASSESSMENT
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Concerning physics R§D needs these four areas were judged to be of
highest priority for the ETF. The impact of each on the ETF is as
summarized here.
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HIGHEST PRIORITY PHYSICS R&D AREAS FOR THE ETF

AREA

IMPACTS ON ETF

IMPURITY CONTROL AND ASH REMOVAL

DESIGN CONFIGURATION, IGNITION MARGIN,
BURN TIME, TRITIUM AND PARTICLE COLLECTION
AND PUMPING, HEAT LOADS

PLASMA DISRUPTION CHARACTERIZATION

DESIGN AND CONTROL TO LIMIT DISRUPTION

AND CONTROL

DAMAGE TO COMPONENTS

HEATING SCENARIOS

IGNITION MARGIN, ACCESS

STARTUP SCENARIOS

COST AND SIZE OF PULSED ENERGY STORAGE,
VACUUM VESSEL DESIGN, PULSED COIL DESIGN
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In technology six areas were considered to be of highest priority,
as indicated.

Again, for each the impact on the ETF is shown. We

concluded from this R5D needs assessment that with adequate support
these needs can be satisfied consistent with our reference schedule.
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HIGHEST PRIORITY TECHNOLOGY R&D AREAS FOR THE ETF

AREA

IMPACTS ON ETF

TORUS SECTOH SEALS

VACUUM VESSEL DESIGN,
MAINTENANCE PHILOSOPHY

NEUTRAL BEAM SYSTEMS

RELIABILITY/MAINTENANCE

INTERNAL COIL
CONSTRUCTION

RELIABILITY/MAINTENANCE

FIRST WALL PROTECTION

FIRST WALL LIFE AND DESIGN,
IMPURITY CONTROL

DIVERTOR COLLECTION
OF PARTICLES AND HEAT

BURN TIME, TRITIUM PROCESSING,
HELIUM PUMPING

INSULATING BREAKS

VACUUM VESSEL DESIGN

IT IS OUR JUDGMENT THAT WITH ADEQUATE SUPPORT
THE ETF R&D NEEDS CAN BE SATISFIED ON A TIMESCALE
CONSISTENT WITH OUR REFERENCE SCHEDULE
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Again we state that although much progress has been made in the
Preconceptual Design effort, there are s. number of major design issues
that remain unresolved. They are listed here, and each has already been
touched on. These issues must continue to receive attention and resolution must be achieved prior to having a completed design for the ETF.
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ALTHOUGH CONSIDERABLE PROGRESS HAS BEEN MADE
IN THE PRECONCEPTUAL DESIGN EFFORT
A NUMBER OF MAJOR DESIGN ISSUES REMAIN UNRESOLVED
•

BURNING PLASMA (IGNITED/DRIVEN)

•

BURN TIME (ACTIVE IMPURITY CONTROL)

•

SOURCE OF TRITIUM

•

TESTING PROGRAM

•

DIVERTOR DESIGN AND INTEGRATION

•

FIRST WALL PROTECTION

•

STARTUP SCENARIO

•

LIFE-CYCLE AND CAPITAL COSTS

234
Viewgraph 117
We have made some cost projections fox the ETF. These are not true
cost estimates, given the nature of the design effort, but they serve as
a helpful indicator in considering the cost side of the ETF effort.
These cost projections are based on system and component algorithms
and unit costs (such as dollars per fabricated kilogram) and include
only building and equipment costs; that is, engineering, inspection,
project R&D, contingency, etc., are not included in our cost projections.
During the Conceptual Design, to follow the current 18-month effort,
standard cost-estimating procedures will be used to develop cost estimates
for the ETF.
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COSTING HAS FOCUSED ON SYSTEMS ANALYSIS AND
TRADE STUDIES
ETF COST PROJECTIONS ARE BASED ON
•

ALGORITHMS

•

UNIT COSTS

•

BUILDINGS AND EQUIPMENT ONLY
(ENGR, INSP, RDAC, CONTINGENCY
ETC. NOT INCLUDED)

STANDARD COST ESTIMATING PROCEDURES WILL BE USED
DURING THE CONCEPTUAL DESIGN PHASE
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This viewgraph summarizes our cost projections for Designs 1 and 2.
Note that there are six large cost items: the TF coils, the PF coils,
the blanket and shield, the plasma heating systems, the electrical
systems (particularly in Design 2 ) , and the reactor building and hot
cells. The totals are about $1 billion for Design 1 and $1.3 billion
for Design 2. The greater cost for Design 2 derives from a larger cost
for the totally external PF coil system and for the associated power
supplies. The largest single cost item is the TF coil system, and this
is the case for both designs.
If major cost savings are to be made, they will be achieved by
improvements in the major cost-driver areas or by achieving an overall
major improvement in the total design either by a major innovation or a
major size reduction. However, it appears from these numbers that
without major changes in key systems or in the overall device, that ETF
will cost $1 billion or more.
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PRELIMINARY ETF COST PROJECTIONS
(MS. FY 1980)

DESIGN 1

DESIGN 2

246
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26
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158
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0

78
36
35
25
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36
35
25
56

142
58
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1083

1349

TOKAMAK SYSTEMS
TF COILS
PF COILS
BLANKET AND SHIELD
SUPPORT STRUCTURE
PLASMA HEATING SYSTEMS
DIVERTOR
VACUUM SYSTEM
SUPPORT SYSTEMS
ELECTRICAL SYSTEMS
TRITIUM HANDLING SYSTEM
DIAGNOSTICS AND I&C
MAINTENANCE EQUIPMENT
COOLING AND CRYOGENIC SYSTEMS
FACILITIES
REACTOR BUILDING AND HOT CELLS
OTHER STRUCTURES
TOTAL EQUIPMENT AND BUILDINGS
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As a means of illustrating how costs vary and what the primarydependent variables are, we have developed this set of data. This
compares the cost (buildings and equipment only) for TFTR, a hypothetical
TFTR with superconducting magnets, a driven ETF with a Q of 6, and an
ignited ETF, in this case our Design 1. As illustrated by the supplemental data, cost is primarily a function of major radius, plasma
volume, and field.
We have estimated the cost of a TFTR assuming the use of superconducting magnets. In this estimate we have held the plasma volume and
fusion power fixed but allowed the major radius to increase. As shown,
the cost nearly doubles.
If we examine a driven ETF (at a Q of 6 ) , we see an increase in
major radius, plasma volume, and fusion power. The cost compared to the
TFTR with superconducting magnets is greater by not quite a factor of 3.
These data indicate that major changes in cost are primarily
dependent upon the size (and volume) of the device.
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ETF COST IS PRIMARILY A FUNCTION OF MAJOR RADIUS,
PLASMA VOLUME, AND FIELD
TFTR
(Q= D

TFTR (SO
(0=1)

ETF
(Q = 6)

ETF
(IGNITED)

COST (BLDGS & EQUPT) MS

170

325

865

1083

MAJOR RADIUS m

2.5

3.6

4.5

5.4

36

36

140

290

20

20

375

750
1.5
5.5

PLASMA VOLUME m

3

FUSION POWER MW
2

WALL LOADING MW/m

0.2

0.2

1.2

FIELD ON AXIS

5.2

5.2

5.2
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Five physics issues have been identified as having high leverage on
the basis of t h e i r impact on either cost or engineering.
indicated he J and are briefly commented on below.

They are

As can be seen,

progress in our understanding of these items can provide substantial
cost reductions.
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A NUMBER OF "HIGH-LEVERAGE" PHYSICS ISSUES
HAVE BEEN IDENTIFIED ON THE BASIS OF
THEIR COST/ENGINEERING IMPACT
•

RELAXED IGNITION "MARGIN"

•

RELAXED RIPPLE LIMITS

• HIGHER 0 LIMITS
• LOWER SAFETY FACTOR, q, OPERATION
• NON-DIVERTOR CONFIGURATIONS
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The first area is relaxed ignition margin. This viewgraph shows
the variation in relative capital cost with aspect ratio. If we could
achieve improved understanding, a decrease of 20% in ignition margin
would lead to a cost reduction of ^25%.
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FED

FOR A 2 0 % DECREASE IN IGNITION "MARGIN"
REQUIREMENT, COST IS REDUCED
APPROXIMATELY 2 5 %
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The next area is ripple limits. Here we see relative capital cost
variations with percent ripple for cases with either 10 or 12 TF coils
and other design features as indicated.
These data show that capital cost can be reduced signficantly by
relaxing the ripple requirement.

For example, a relaxation from 0.75 to

2% in the 10-coil caso results in a cost reduction of
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FED

CAPITAL COST IS SIGNIFICANTLY
REDUCED BY RELAXING
THE RIPPLE REQUIREMENT
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The next area is the 3 limit. These data indicate that if 6
could be substantially increased (say from 6 to 10%) , then a cost
reduction of ^15% would be realized.

In this trade study we allowed the

burn time to increase as (5 increased; however, at the higher g values
the design could be optimized to achieve the same burn time; this would
further reduce the cost.
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FED

AN INCREASE IN THE BASE VALUE OF
BETA FROM 6 % TO 10% REDUCES
COST BY - 1 5 %
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If operation could be achieved at a lower q, costs could be substantially reduced. This viewgraph shows that if we could achieve the same
nx and burn time at a q approaching 2 compared to the value of 3.S we
are now using, the total cost could be reduced by up to 40%.
Finally, the last high-leverage factor is to achieve the ETF goals
with a nondivertor configuration, which, as we have already seen, has a
major impact on the engineering and cost.
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LOWER q OPERATION SHOWS A SUBSTANTIAL
COST REDUCTION
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This concludes the overview presentation of the ETF Preconceptual
Design work.
The final item of this plenary session will be for G. E. Smith to
give you instructions on the conduct of the review.
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