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PROGRAM SUMMARY

ORAL SESSIONS' POSTER SESSIONS'"

Tuesday, April 26
8:15-noon

Plenary Session: "Progress in Fusion
Technology"
Welcome, L Manning Muntzing, President,

American Nuclear Society
Keynote, John F. Clarke, U.S. Department

of Energy

United States: Inertial Confinement Fusion
Japan: Magnetic Fusion
European Community: Magnetic Fusion
United States: Magnetic Fusion

1:30-5:00 Concurrent Sessions

2A: U.S. Next-Generation Tokamak and
Tandem Mirror Programs (invited)

2B: Tritium

2:30-5:00

2C-1: Plasma Engineering
2C-2: Hybrids and Nonelectric Applications
2C-3: Operations and Maintenance
2C-4: Alternate Fuels
2C-5: Fusion Systems Studies

Wednesday, April 27
8:15-noon Concurrent Sessions

3A: Large Construction Projects (invited)
3B: Alternate Fuels

9:30-noon

3C: Neutronics and Shielding

1:30-5:00 Concurrent Sessions
4A: Fusion System Studies
4B: Plasma Heating, Impurity Control,

and Fueling (invited)

6:30 Reception and entertainment (cash bar)
7:30 Banquet

Speaker: Rep. Marilyn Lloyd

:15-noon Concurrent Sessions
5A: Magnet Engineering
5B: Incrlial Confinement Fusion

9:30--noon

3D-l: Tritium
3D-2: Materials Engineering
3D-3: Blanket and First Wall Engineering
3D-4: Plasma Engineering
3D-5: Environment and Safety

2:30-5:00

4C-1: Tritium
4C-2: Materials Engineering
4C-3: Blanket and First Wall Engineering
4C-4: Neutronics and Shielding
4C-5: Incrtial Confinement Fusion

Thursday, April 28

:30- 5:00 Concurrent Sessions
6A: Blanket ard First Wall Engineering
6B: Alternate Concepts

9:30-noon

5C-1: Impurity Contol and Vacuum
Technology

5C-2: Next-Generation Devices
5C-3: Blanket and First Wall Engineering
5C-4: Environment and Safety
5C-5: Ncutronics and Shielding

2:30-5:00

6C-1: Magnet Engineering
6C-2: Plasma Heating, Impurity Control.

and Fueling
6C-3: Power Conversion, Instrumentation

and Control

•All oral sessions, receptions, and the banquet will be at the Knoxville Hilton.
kAU poster sessions will be at the Holiday Inn-World's Fair.
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SPONSORS

American Nuclear Society
Oak Ridge-Knoxville Section of the American Nuclear Society

Office of Fusion Energy of the U.S. Department of Energy
Oak Ridge National Laboratory

Electric Power Research Institute

ORGANIZING COMMITTEE

General Chairman: J.L. Scott, Oak Ridge National Laboratory
Assistant General Chairman: J. Sheffield, Oak Ridge National Laboratory

Technical Program Chairman: C.A. Flanagan, Westinghouse Electric Corporation

TECHNICAL PROGRAM COMMITTEE

M.A. Abdou, Argonne National Labov tory
N.A. Amherd, Electric Power Research Institute
J.L. Anderson, Los Alamos National Laboratory
J.E. Baublitz, U.S. Department of Energy
W.R. Becraft, General Electric Company
LA. Booth, Los Alamos National Laboratory
D.L Cook, Sandia National

Laboratories-Albuquerque
CD. Henning, Lawrence Livermore National

Laboratory
R.A. Krakowski, Los Alamos National

Laboratory

LG. Masson, Idaho National Engineering
Laboratory

J.R. Powell, Brookhaven National Laboratory
P.H. Sager, General Atomic Company
T.E. Shannon, Oak Ridge National Laboratory
W.M. Stacey, Georgia Institute of Technology
F.H. Tenney, Princeton Plasma Physics

Laboratory
T.C Varljen, Westinghouse Electric Corporation

LOCAL ARRANGEMENTS COMMITTEE

Publicity and Registration: P.N. Haubenreich, Oak Ridge National Laboratory
Arrangements: N.A. Uckan, Oak Ridge National Laboratory

Publications: W.R. Becraft, Gensral Electric Company
Finance: J.R. Hickey, Oak Ridge National Laboratory

Posters: P.L. Walstrom, Oak Ridge National Laboratory
Tours: R.J. Colchin, Oak Ridge National Laboratory

Guest Program: J.B. Scott
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REGISTRATION

The registration fee for the meeting, including
social events and proceedings, is $160 for mem-
bers of the American Nuclear Society and $175
for nonmembers. To encourage student attend-
ance, iull-time students will be charged only S10,
but this will not include the banquet or a copy of
the proceedings.

The registration desk, in the Ballroom Foyer
of the Knoxville Hilton Hotel, will be open at the
following times:

Monday, April 25 5:00-10:00 p.m.
Tuesday, April 26 7:00 a.m -5:00 p.m.
Wednesday, April 27 8:00 a.m.-4:30 p.m.
Thursday, April 28 8:00 a.m.-noon

Pre-registered attendees can pick up their partic-
ipant's package at the registration desk.

Before the banquet Wednesday evening, there
will be a reception in the Ballroom Foyer of the
Hilton featuring live entertainment and a cash
bar. The event will begin at 6:30 p.m. The
banquet, which is scheduled for 7:30 Wednesday
evening in the Hilton Ballroom, promises to be
extraordinary. The food, with accompanying
wine, has been planned and will be prepared by
the Hilton's Master Chef, who is a graduate of
the Cordon Bleu in Paris. Following your dining
experience, one of the prime movers in the U.S.
Congress, Rep. Marilyn Lloyd of Tennessee, will
address the assembly. Representative Lloyd is
especially knowledgeable and authoritative
because of her experience as Chairman of the
Energy Research and Production Subcommittee
of the House Committee on Science and
Technology.

COMMUNICATIONS

Participants can receive messages at the meet-
ing registration desk or at either of the hotels at
the following telephone numbers:

Knoxville Hilton 615-523-2300
Holiday Inn-World's Fair 615-522-2800

There will also be a message board in the
Ballroom Foyer of the Knoxville Hilton. During
the hours the meeting registration desk is open,
the staff will accept messages and post them on
the board. For this service, call the Knoxville
Hilton and ask for "The Fusion Meeting Desk!'
Public telephones are located in the Ballroom
Foyer and in the lobbies of both hotels.

SOCIAL EVENTS

After registering Monday evening, you are
encouraged to linger in the Ballroom Foyer of
the Hilton and mingle with other "early birds"
while enjoying light refreshments from 6-9 p.m.
During morning and afternoon breaks each day
of the meeting, coffee will be available at both
hotels and light refreshments will be served at
the Holiday Inn in the area adjacent to the
posters.

Although no special events are planned for
Tuesday evening, information will be available
about the sights and culinary delights of Knox-
ville. You will be free to explore the area at your
leisure.

TECHNICAL PROGRAM

The theme of the meeting is Progress in Fusion
Technology, with the emphasis on progress. The
opening plenary session will consist of invited
papers by leaders of fusion programs in the
United States, Japan, and Europe. In subsequent
sessions, attendees will present more than 240
papers. Each morning and afternoon there will be
two concurrent oral sessions in the Knoxville
Hilton and a poster session in the Holiday Inn.
Subjects have been grouped to minimize competi-
tion for an audience and, when possible, the
poster sessions will continue after the oral sessions
are concluded. A schedule of sessions, a complete
listing of titles and authors, summaries of each
paper, and an author index follow.

ORNL FUSION ENERGY TOUR

Fusion energy experiments and development
facilities at the Oak Ridge National Laboratory
will be viewed on this Friday morning tour. The
ISX-B tokamak, the Elmo Bumpy Torus ma-
chine, and the Large Coil Test Facility will be
featured. Buses will leave the Knoxville hotels at
8:30 and return by 12:30. Because the fusion
facilities are within the Y-12 Plant area, no
cameras are allowed. There is no additional
charge for this tour, but participants must sign up
at the meeting registration desk no later than
Tuesday, April 26.



PROCEEDINGS

Proceedings of the Fifth Topical Meeting on
the Technology of Fusion Energy will be pub-
lished as a special issue of the American Nuclear
Society's Nuclear Technologyy'Fusion journal.
All papers presented at the meeting, either orally
or as a poster, will be included provided the
author submitted a manuscript by March 31
that satisfied the publication requirements.
Manuscripts will have been reviewed before the
meeting and comments will be available in a
publications review room at the Knoxville
Hilton. The proceedings should be available in
September 1983.

GUEST PROGRAM

On each of the three mornings of the meeting,
registered guests are invited to enjoy a continental
breakfast in a guest hospitality room at the
Knoxvillc Hilton. Registered guests are also in-
vited to participate in the Monday evening mixer
and the Wednesday evening reception. In addi-
tion, they are welcome at all technical sessions
and to partake of morning and afternoon refresh-
ments. The fee for the guest registration is $20.

Any guest, registered or not, who wishes to
attend the banquet on Wednesday evening can
purchase a ticket for $25. In addition, there will
be a daily special event for guests for which
separate tickets will be sold.

Wednesday, 9:30-4:00 Appalachian
Frontiers—Then and Now

First on this tour is a visit to John Rice Irwin's
Museum of Appalachia. Several historic log
buildings contain a comprehensive collection of
the tools and furniture of the people who wrested
a living from the land before the days of TVA and
Oak Ridge. Next is a picnic lunch in a scenic spot
near Norris Dam, the first power plant and flood
control reservoir built by the Tennessee Valley
Authority. After lunch, the group will visit the
American Museum of Science and Energy in
Oak Ridge. This unusual museum has fascinating
displays of the entire spectrum of energy systems
in this country, including nuclear fusion. The last
part of the tour will take you for a drive along one
of Knoxville's scenic Dogwood Trails ($12, includ-
ing lunch).

Thursday, 10:00-2:00 Historic Knoxville

Guests will stroll from the Knoxville Hilton to
the James White Fort, which was where Knoxville
originated. They will then proceed to Blount
Mansion, the first frame house built west of the
Appalachians and the home of the first governor of
the State of Tennessee. The tour concludes with
lunch high in the Sunsphere, symbol of the 1982
World's Fair, overlooking downtown Knoxville and
the University of Tennessee campus ($12.50,
including admissions and lunch).

Tuesday, 9:00-5:00 Smoky Mountains and
Gatlinburg

This tour combines mountain scenery and
unique shopping opportunities. The Great Smoky
Mountains National Park provides intimate views
of spring wildflowers and foliage along secluded
paths in addition to magnificent vistas. You will
have plenty of time for shopping and lunch in
Gatlinburg, Tennessee's outstanding holiday town
in the foothills of the mountains ($7, not including
lunch).

vi
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.TUesday, April 26,1983

8:15 a.m. Plenary Session
Summary

PROGRESS IN FUSION TECHNOLOGY (invited) J^L.
Welcome

L. Manning Muntzing. President, American Nuclear Society

Keynote Address
John F. Clarke. U.S. Department of Energy

Inertia] Fusion Program in the U.S 5
Richard L Schriever, U.S. Department of Energy

The Fusion Technology Program in Japan 7
Yasuhiko ho, Japan Atomic Energy Research Institute

The Fusion Programme of the European Community 9
Donato Palumbo, Commission of the European Communities

Progress in Fusion Technology in the U.S. Magnetic Fusion Program 11
Robert J. Dowling, U.S. Department of Energy
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Ifaesday

1:30 p.m. Session 2A (oral)

Summary

U.S. NEXT-GENERATION TOKAMAK ?"*<
AND 1ANDEM MIRROR PROGRAMS (invited)

Overview of Magnetic Fusion Advisory Committee Panel Findings on Tandem Mirrors
and Tokamaks 15
J.R. Gilleiand, GA Technologies, Inc.

Physics Basis For an Ignited Long-Pulse Tokamak 17
P.H. Rutherford. Princeton Plasma Physics Laboratory

Tokamak ETR Objectives, Characteristics, and Critical Issues 19
W.M. Stacey, Jr., Georgia Institute of Technology

Next Tokamak Facility 21
J.A. Schmidt, Princeton Plasma Physics Laboratory
C.A. Flanagan, Westinghouse Electric Corp.

Overview and Directions in the Tandem Mirror Program 23
K.I. Thomassen, Lawrence Livermore National Laboratory

Fusion Power Demonstration 25
CD. Henning, B.G. Logan, G.A. Carlson, and W.S. Neef, Lawrence Livermore

National Laboratory
R. Botwin, Grumman Aerospace Corp.
R. Campbell. TRW, Inc.

Tandem Mirrors for Neutron Production 27
J.N. Doggett, Lawrence Livermore National Laboratory
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Tuesday

1:30 p.m. Session 2B (oral)
Summary

TRITIUM Pa&

The Status of Tritium Technology Development for Magnetic Fusion Energy (invited) 31
J.L Anderson, Los Alamos National Laboratory

The TRIO-01 Experiment (invited) 33
R.G. Clemmerand R.F. Malecha, Argonne National Laboratory
J.T. Dudley, Oak Ridge National Laboratory

Analysis of the Tritium Requirements for a Power Reactor 35
F. Carre and A. Rocaboy, Centre d'Etudes Nucleaires de Saclay

The Effects of Tritium Contamination in the FED/1NTOR Reactor Hall 37
P.A. Finn, Argonne National Laboratory
M.L Rogers. Monsanto Research Corporation—Mound Facility

Tritium Monitoring Requirements of Fusion Reactors and Ontario Hydro Experience:
A Comparison 39
S.B. Nickerson and D.P Dautovich, Ontario Hydro

Tritium Monitoring Within the Reactor Hall of a D-T Fusion Reactor 41
R.A. Jalbert, Los Alamos National Laboratory

Radiation Catalyzed Conversion of Tritium Gas to Tritialed Water 43
C.E. Easterly and M.R. Bennett. Oak Ridge National Laboratory

Tr i t ium R e m o v a l f rom C o n t a m i n a t e d W a t e r via Inf ra red Lase r Mul t ip l e -Pho ton Dissociat ion . . . 4 5
J.L. Maienschein. F. Magnotta, I.P. Herman. FT. Aldridge. and P. Hsiao, Lawrence

Livennore National Laboratory
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Tuesday

2:30 p.m. Session 2C-1 (poster)
- Summary

PLASMA ENGINEERING -^«L_

A Program for Calculating Forces on Limiter and First Wall Due to Plasma Disruption 49
M.H. Foss, Argonne National Laboratory

Fast Alpha Diffusion and Thermalization in Tokamak Reactors 51
S.E. Attenberger and W.A. Houlberg, Oak Ridge Nationai Laboratory

Control for Fusion Thermal Stability 53
/. Maya, General Atomic Co.
H.D. Campbell, University of Florida

Preliminary Temperature Profiles on the PDX Inner Toroidal Limiter 55
M. Ulrickson and H, W, Kugel, Princeton Plasma Physics Laboratory

Parametric Study of LH Current Drive in FED-A Design 57
H. lida, Japan Atomic Energy Research Institute
D.A. Ehst, Argonne National Laboratory
Y-I..M. Peng, Oak Ridge National Laboratory
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Tuesday

2:30 p.m. Session 2C-2 (poster)
Summon'

HYBRIDS AND NONELECTRIC APPLICATIONS la^ **»*

Hybrid Reactor Development Planning 61 6
D.H. Berwald, R. Campbell, S. Freije, J.K. Garner, S.L. Salem. W.G. Steele, and

R.H. Whiiley, TRW, Inc.

A Comparison of Fusion Breeder/Fission Client and Fission Breeder/Fission Client Systems for
Electrical Energy Production 63 7
R.J. Land and T.A. Parish, Texas A&M University

Aqueous Slurries Containing Thorium Oxide as Blankets in Fissile Fuel Producing
Fusion Reactors 65 8
T.C. Geer and T.A. Parish, Texas A&M University

Tritium Assisted Deuterium-Based Fusion Breeders 69 10
E. Greenspan andG.H. Miley, University of Illinois, Urbana

Performance Requirements of an Inertial Fusion Energy Source for Hydrogen Production 71 11
J. Hovingh, Lawrence Livermore National Laboratory

A Thermochemical Hydrogen Production System Based on a High-Temperature Fusion
Reactor Blanket 73 12
/. Maya, LC. Brown, and K.R. Schultz, General Atomic Co.
RW. Goodrich. Northeast Utilities Service Co.
B.K. Jensen, Public Service Electric and Gas Co.

The HYFIRE Reactor Design 75 13
J.A. Fillo, J.R. Powell, and R. Benenati, Brookhaven National Laboratory
F. Malick, M. Sniderman, and E. Somers, Westinghouse Electric Corp.
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Tuesday

2:30 p.m. Session 2C-3 (poster)
Summary

OPERATIONS AND MAINTENANCE Pa* ****

First Plasma Operation of TFTR 79 14
M.D. Machalek, Princeton Plasma Physics Laboratory

Maintenance and Disassembly Considerations for the Technology Development Facility 81 15
P.T. Spampinato, Grumman Aerospace Corp.

T.F. Coil Replacement Considerations for the FED Baseline Configuration 83 16
I. Dietz. Grumman Aerospace Corp.

General Design and Maintenance of TASKA—A Tandem Mirror Test Facility 85 17
A. Support, Kemforschungszentrum Karlsruhe GmbH
I.N. Sviatoslavsky, University of Wisconsin

Application of Mockups to the Resolution of Fusion Reactor Remote Maintenance
Design Issues 87 18
LS. Masson and K.D. Watts, EG&G Idaho, Inc.

Remote Vacuum Joint Concept for Fusion Reactors 89 19
E.R. Hager and David W. Doll, GA Technologies, Inc.

A Remote Joint Concept for Large Vacuum Ducts 91 20
D.B. Hagmann and J.B. Coughlan, Remote Technology Corp.

In-Vessel Maintenance Concepts for Tokamak Fusion Reactors 93 21
J.D. Berger, V.P. Kelly, andJ.A. Yount, Westinghouse Hanford Co.

Central Cell Blanket Module Maintenance Approach for the MARS
High-Temperature Blanket 95 22
N. Young, Ebasco Services
D. Sutliff, D. Tait, R. Siebert, andJ. Coulahan, General Dynamics
J.K. Garner andJ.D. Gordon, TRW, Inc.
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TUesday

2:30 p.m. Session 2C-4 (poster)
Summary

ALTERNATE FUELS ^ ****

Effects of Enhanced Ion/Electron Equilibration Power on Cat-D Tokamak Ignition 99 23
J. Galambos and G.H. Miley. University of Illinois

D-D Tokamak Reactor Assessment 101 24
D.C. Baxter, A.E. Dabiri, D. Dobrott, J.E. Glancy, H. Gurol. W.K. Hagan, J.B. McBride.

andS. Tamor, Science Applications, Inc.
R.N. Cherdack, Burns and Roe, Inc.

A D-D Tandem Mirror Reactor With Central-Cell Potential Modification 103 25
G. W. Shuy and D. Dobrott, Science Applications, Inc.

Experimental Investigation of Muon-Catalyzed Fusion 105 26
S.E. Jones, AJ, Caffrey, J.B. Walter, and K.D. Watts, Idaho National Engineering

Laboratory
J.L Anderson, ,7.7V. Bradbury, P.A.M. Gram, M. Leon, and M.A. Paciotti, Los Alamos

National Laboratory

The Influence of Engineering Constraints on Confinement Time Requirements of Advanced Fuel
Fusion Reactors 107 27
J.R. Roth, University of Tennessee

High Field Tokamaks with DD-DT Operation and Reduced Tritium Breeding Requirements 109 28
L Bromberg, D.R. Cohn, N. Diatchenko, R. LeClaire, J. Meyer, andJ.E.C. Williams,

Massachusetts Institute of Technology
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TUesday

2:30 p.m. Session 2C-5 (poster)
Summary

FUSION SYSTEMS STUDIES _*£_ Booth

The Effective Cost of Tritium for Tokamak Fusion Power Reactors with Reduced Tritium
Breeding Ratios 113 29
J.G. GUligan, University of Illinois
K. Evans. Jr, andJ. Jung, Argonne National Laboratory

Mirror Advanced Reactor Study (MARS) End Plasma Technology Development 115 30
W. Barr and R. Moir, Lawrence Livermore National Laboratory
V. Calia, J. Erickson, S. Fixler, R. Herbermann, T. Luzzi, andD. Sedgley, Grumman

Aerospace Corp.

Availability Analysis of Fusion Power Plants 117 31
Z. Musicki and C. W. Maynard, University of Wisconsin

Utility Evaluation of the D-T Starfire and D-D Wildcat Reactors '. 119 32
B.K. Jensen and R.D. Endicott. Public Service Electric and Gas Co
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.Wednesday, April 27,1983

8:15 a.m. Session 3A (oral)
Summary

LARGE CONSTRUCTION PROJECTS (invited) Pa*<
JT-60 and Its Present Status 123

Af. Yoshikawa, Japan Atomic Energy Research Institute

The Mirror Fusion Test Facility 125
V.N. Karpenko, Lawrence Livermore National Laboratory

The Present Status of the Joint European Torus (JET) 127
H.O. Wuster, Joint European Torus

Construction of the Tokamak Fusion Test Reactor 129
J.W. French, L.E. Shaw, B. Fedor, and M. Sabado, Ebasco Services, Inc.
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Wednesday ^_i

8:15 a.m. Session 3B (oral)
Summary

ALTERNATE FUELS **

Alternate Fuels in Fusion Reactors (invited) 133
D. Dobrott, Science Applications, Inc.

Viability of the "B(p, a) 2a Cycle 135
J.D. Gordon, T.K. Samec, S.A. Freije, and B.I. Hauss, TRW, Inc.

Approaches to Near-Term Alternate Fuel Experiments (invited) 137
B. Coppi, Massachusetts Institute of Technology
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Wednesday

9:30 a.m. Session 3C (oral)
Summary

NEUTRONICS AND SHIELDING *

Streaming and Shielding Analysis for the NBI System of TDF 141
M.E. Sawan, University of Wisconsin

Assessments of Tritium Breeding Requirement and Breeding Potential for the
Starfire/Demo Design 143
J. Jung and M. Abdou, Argonne National Laboratory

Monte Carlo Calculations of Neutron and Gamma-Ray Energy Spectra for Fusion Reactor
Shield Design: Comparison With Experiment 145
R.T. Santoro and J.M. Barnes. Oak Ridge National Laboratory

Low-Cost Shield For Tokamak Fusion Reactors 147
Y. Gohar, Argonne National Laboratory

Monte Carlo Neutronic Analysis for the TFTR Lithium Blanket Module 149
B.A. Engholm, General Atomic Co.
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Wednesday

9:30 a.m. Session 3D-1 (poster)
Summary Booth

TRITIUM -Im

The Wall Tritium Concentration as a Factor in Fusion Reactor Hall Design 153 1
P.A. Finn and R.A. Leonard, Argonne National Laboratory
M.L Rogers and CJ. Sienkiewicz, Monsanto Research Corporation-Mound Facility

Transient Tritium Transport in a Solid Breeder-Blanket 155 2
D.R. Hanchar and MS. Kazimi, Massachusetts Institute of Technology

Some Basic Studies on Tritium Processing in CTR Solid Blanket 157 3
F. Ono. S. Tanaka, T. Tera', M. Inoue, M. Nakazawa, Y. Takahashi, R. Kiyose, and

M. Kanno, University of Tokyo

Tritium Recovery From Liquid Lithium-Lead by Vacuum Degassing 159 4
K.E. Plute, EM. Larsen, and D.K. Sze, University of Wisconsin
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Wednesday

9:30 a.m. Session 3D-2 (poster)
Summary

MATERIALS ENGINEERING _Page_ Booth

Comparison of the Waste Management of PC A and V15CR5T1 First Wall Materials 165 6
S. Vogler, MJ. Steindler, andJ. Jung, Argonne National Laboratory

Materials Compatibility Considerations for Fusion-Fission Hybrid Reactor Design 167 7
J.H. DeVan and P.F. Tortorelli, Oak Ridge National Laboratory

Lifetime Analysis of Beryllium Balls in a Hybrid Fusion Blanket 169 8
LG. Miller. J.M. Beeston, P.Y. Hsu. and B.L Harris, EG&G Idaho, Inc.

Comparison Between Measured and Predicted Performance of a High Speed, Free Surface
Liquid Jet Flowing Along A Curved Wall 171 9
J.A. Hassberger, Westinghouse Hanford Co.

Analysis of Blanket-Structure Lifetime for the Tandem Mirror Hybrid Reactor (TMHR) 173 10
N.M. Ghoniem, University of California, Los Angeles
D.H. Berwald. TRW, Inc.

P-15



Wednesday

9:30 a.m. Session 3D-3 (poster)
Summary

BLANKET AND FIRST WALL ENGINEERING ** ***

MHD Pressure Drop of NaK Flow in a Stainless Steel Pipe 177 11
K. Miyazaki, S. Kotake, N. Yamaoka, andS. Inoue, Osaka University
Y. Fujii-e, Nagoya University

Disruption Induced Voltages and Loads on Torus Sectors 179 12
R.J. Thome, R.D. Pillsbury, and W.R. Mann, Massachusetts Institute of Technology

Electromagnetic Effects on the INTOR Limiter 181 13
LR. Turner and M.H. Foss, Argonne National Laboratory

Transient Analysis of Starfire Coolant-Blanket System with Athena Code 183 14
S.Z. Rouhani. J. Jones, andJ.S, Herring, EG&G Idaho, Inc.

Effect of Temperature on Magnetic Field Perturbation from the Ferromagnetic
Blankets in MARS 185 15
H. Atiaya and G.L Kulcinski, University of Wisconsin

Dynamic Response and Stability of Inport Tubes in ICF Reactors 187 16
R.L. Engt Istad and E.G. Lovell, University of Wisconsin

Control of Nsutron Albedo in Toroidal Fusion Reactors 189 17
B.J. M, cklich and D.L. Jassby, Princeton Plasma Physics Laboratory

Experimental Study of the Enhancement of Critical Heat Flux Using Tangential
Flow Injection 191 18
J. Weede and V.K. Dhir, University of California, Los Angeles
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Wednesday

9:30 a.m. Session 3D-4 (poster)
Summary

PLASMA ENGINEERING *»* *2*

Plasma Engineering Analysis of an EBT Reactor Operating Window 195 19
R.T. Santoro, N.A. Uckan. andJ.M. Barnes, Oak Ridge National Laboratory

Plasma Physics and Engineering During S tar tup and Shutdown of Tandem Mirror Reactors . . . . 197 20
R.W. Conn, F. Najmabadi. F. Kantrowitz, DM. Goebel, and T.K. Mau. University of

California, Los Angeles

Assessment of Energetic Ion Rings Versus Electron Rings for an EBT Reactor 199 21
J.B. McBride, Science Applications, Inc.
N.A. Uckan, Oak Ridge National Laboratory
R.J. Kashuba, McDonnell Douglas Astronautics Co.

Analysis of Alpha Particle Behavior in EBT Reactors 201 22
M.E. Fenstermacher. University of Michigan
N.A. Uckan, Oak Ridge National Laboratory

Transport Scaling Studies for EBT Reactor 203 23
T. Uckan. E.F. Jaeger, and N.A. Uckan. Oak Ridge National Laboratory

Plasma Engineering for MARS 205 24
G.A. Carlson, W.L. Barr. B.M. Boghosian, RS. Devoto. G.W. Hamilton, B.M. Johnston,

W.N. Kumai, and B.G. Logan, Lawrence Livermore National Laboratory
R.B. Campbell, TRW, Inc.

Particle Confinement in EBT Reactors with Noncircular Mirror Coils 207 25
L. W. Owen and N.A. Uckan, Oak Ridge National Laboratory
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Wednesday

9:30 a.m. Session 3D-5 (poster)
Summary

ENVIRONMENT AND SAFETY * »

Risk Considerations for Fusion Energy 211
M.S. Kazimi, Massachusetts Institute of Technology

Relative Public Health Effects from Accidental Release of Fusion Structural Radioactivity 213 28
S.J. Piet. EG&G Idaho, Inc.
M.S. Kazimi and LM. Udsky, Massachusetts Institute of Technology

Risk Assessment Techniques for the Evaluation of Tritium Accident Mitigation 215 29
S.Z. Bruske and D.F. Holland. EG&G Idaho, Inc.

Safety Analysis Report for the Tritium System Test Assembly 217 31
R.V. Carlson, Los AJamos National Laboratory

Environment and Safety—Major Goals for MARS 219 32
R.C. Maninger, Lawrence Livermore National Laboratory

Safety Considerations in the Design of the Fusion Engineering Device 221 33
R.J. Barrett. Burns and Roe, Inc.
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.Wednesday

1:30 p.m. Session 4A (oral)
Summary

FUSION SYSTEM STUDIES Pa*<

The Mirror Advanced Reactor Study (MARS) (invited) 227
B.G. Logan. LLNL, Laurence Livermore National Laboratory

Conceptual Design of Fusion Experimental Reactor (FER) 229
T Tone, N. Fujisawa, Y.Seki. H. lida, K. Tachikawa, M. Sugihara, A. Minato. S. Nishio.

T. Yamamoto, K. Kitamura, K. Ueda, S. Saito, R. Shimada. Y. Matsuda, Y. Naruse,
S. Shimamoto, S. Tamura, M. Yoshikawa, and K. Tomabechi. Japan Atomic Energy
Research Institute

Demonstration Tokamak Power Plant 231
M. Abdou, C. Baker, J, Brooks, R. Matlas, and D. Smith, Argonne National Laboratory
D. DeFresce. G.D, Morgan, andC. Trachsel McDonnell Douglas Astronautics Co.
AT. Barry, The Ralph M. Parsons Co.

Fusion Breeder Reactor Design Studies 233
R.W. Moir, J.D. Lee, M.S. Coops, FJ. Fulton, and W.S. Neef, Jr., Lawrence Livcrmore

National Laboratory
DM. Berwald, R.B. Campbell, B. Flanders. J.K. Garner, J.R. Ogren, Y. Saito, A. Slomovik,

and R.H. Whitley, TRW, Inc.
R.P. Rose andJ.S. Karbowski, Westinghouse Electric Corp.
K.R. Shultz, E.T. Cheng, G. Benedict, R.L. Creedon, I. Maya, V.H. Pierce, andJ.B. Strand,

GA Technologies, Inc.
J.H. DeVan and P. Tortorelli. Oak Ridge National Laboratory
N. Hoffman, Energy Tecnhology Engineering Center
N. Ghoniem, University of California, Los Angeles
L.G. Miller. P.Y.S. Hsu, and J.M. Beesinn, Idaho National Engineering Laboratory

PulseStar: A Pool-Type Reactor for Inertial-Fusion Electric Power 235
M.J. Monster, Lawrence Livermore National Laboratory

Tokamak Reactor Systems Code 237
D.C. Baxter. A.E. Dabiri. J.E. Glancy, and W.K. Hagen, Science Applications, Inc.

Superheated Steam Cycle for a D-D Tokamak 239
K.C. LeeandR.N. Cherdack, Burns and Roe, Inc.

Conceptual Design Summary for Modifying Doublet HI to a Large Dee-shaped Configuration .. 241
L Davis, General Atomic Co.

Overview of the Influence on Tandem Mirror Reactor Design of Startup, Shutdown and
Transient Operation 243
R.WConn,N.M. Ghoniem.S.P. Grotz, M.Z. Youssef. J.P. Blanchard, V.K. Dhir, and

K. Taghavi-fafreshi, University of California, Los Angeles
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Wednesday

1:30 p.m. Session 4B (oral)
Summary

PLASMA HEATING, IMPURITY CONTROL, FUEUNG (invited) fty

The Technology of Neutral Beam Injection Based on Positive Ion Sources 247
M.M. Menon, Oak Ridge National Laboratory

Summary of the Status of Negative-Ion-Based Neutral Beams 249
W.S. Cooper, Lawrence Berkeley laboratory

RF Coupler Technology for Fusion Applications 251
DJ. Hoffman, Oak Ridge National Laboratory
D.G Wwiifj, Princeton Plasma Physics Laboratory
F. Blau, General Atomic Co.

Radio Frequency Energy in Fusion Power Generation 253
J.O. Lcmson, Princeton Plasma Physics Laboratory

Key Issues of FED/INTOR Impurity Control System 255
M.A. Abdou, Argonne National Laboratory

Development of Hydrogen Pellet Injectors at ORNL 257
S.K. Combs, S.L. Milora. C.A. Foster, WA. Houlberg, D.D. Schuresko. S.E. Attenberger,

Oak Ridge National Laboratory
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2:30 p.m. Session 4C-1 (poster)
Summary

TRITIUM »

Implantation Measurements to Determine Tritium Permeation in First Wall Structures 261
D.F. Holland. EG&G Idaho, Inc.
R.A. Causey and M.L Sattler, University of Virginia

Development of Tritium-Protective Clothing in Canada 263
J. Stephenson, K.Y. Wong, Ontario Hydro

Gamma Radiation Effects on Tritium Penneation and Rentention 265
G.R. Longhurst, G.A. Deis, P.Y. Hsu. and LG. Miller, EG&G Idaho, Inc.
R.A. Causey, University of Virginia

Optimization of a Large-Scale Gas Chromatograph to Separate Tritium and DT From
Other H Isotopes 267
H. Weichselgartner, H. Frischmuth, J. Perchermeier, and A. Stimmelmayr.

Max-Plank-Institut fur Plasmaphysik

Operational Test of the TSTA Emergency Tritium Cleanup System 269
R. V. Carlson and F.A. Damiano. Los Alamos National Laboratory
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Wednesday

2:30 p.m. Session 4C-2 (jXKtcr)
Summary

MATERIALS ENGINEERING _5l«L_ ****

FMIT—A Facility for Fusion Materials Qualification 273 6
A.L Trego. J.W.Hagan, R.J. Burke, andE.F. Parker, Westinghouse HanfordCo.

The Nuclear Design of a Very Low Activation Fusion Reactor 275 7
£.7: Cheng and G.R. Hopkins, General Atomic Co.

Selection of High Current Contact Materials for Tokamak Devices 277 8
D.C. Banker, McDonnell Douglas Astronautics Co.

First Wall Coating Candidates for Inertial Confinement Fusion Reactor Chambers Using Dry Wall
Protection Only 279 9
D.A. Sink, Westinghouse ARD

Corrosion Behavior of Materials Selected for FMIT Lithium System 281 10
G.D. Bazinet, Westinghouse Hanford Co.
M.G. Down, Westhinghousc R&D Center
D.K. Matlock, Colorado School of Mines

The Fusion Materials Irradiation Test (FMIT) Facility Lithium System—A Design and
Development Status 283 11
P.J. Brackenbury, G.D. Bazinet, and W.C. Miller, Westinghouse Hanford Co.
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2:30 p.m. Session 4C-3 (poster)
Summary

BLANKET AND FIRST WALL ENGINEERING *

Flow and Heat Transfer Characteristics in Lithium Loop Under Transverse Magnetic Field 287 12
K. Miyazaki, Y. Shimakawa, S. Inoue, and N. Yamaoka, Osaka University
Y. Fujii-e, Nagoya University

Mirror Advanced Reactor Study (MARS) Solid Breeder Blanket and Power
Conversion System 289 13
R. Bulk's, I. Clarkson. L Deutsch, R. Micich, M. Rossi, M. Stauber, and P. Suh, Grumman

Aerospace Corp.

FELIX Construction and Experimental Program 291 14
LR. Turner, W.F. Praeg, M.J. Knott, RJ. Lari, and R.B. Wehrle, Argonne National

Laboratory

Mechanical and Thermal Design Aspects of the Blanket, and Maintenance Considerations of the
Central Cell in MARS 293 15
Y. T. Li, D.K. Sze, and I.N. Sviatoslavsky, University of Wisconsin

TPE-II Scoping Tests Results: Solid Breeder Heat Transfer and Stability 295 16
A.R. Veca, L Yang, K.R. Schultz, and C.P.C. Wong, General Atomic Co.

FWBS Program Element II: Blanket and Shield Testing 297 17
K.R. Schultz and A.R. Veca, General Atomic Co.
G.A. Deis andP.YS. Hsu, EG&G Idaho, Inc.
R.E. Nygren and H. Herman, Argonne National Laboratory

Limits on Transient Power Variations During Startup and Shutdown of Li-Pb Cooled
TMR Blankets 299 18
N. Ghoniem, K. Taghavi-Tafreshi, J. Blanchard, andS. Grotz, University of California,

Los Angeles

Emergency Cooling of the MARS LiPb Blanket 301 19
D.K. Sze and A. White, University of Wisconsin

Thermomechanical Testing of First Wall Test Pieces in ESURF 303 20
J.R. Easoz, J.W.H. Chi, R. Bajaj, M.D. Nahemow, and R.E. Gold. Westinghouse

Electric Corp.

Large Area Surface Heating Facility (ASURF) and Test Program for First Wall
Design Concepts 305 21
H.D. Michael, J. Lempert, J.W.H. Chi, and R.P. Rose, Westinghouse Electric Corp.

Pre-Test Analysis of the Solid Breeder Integral Simulation Test for PE-II 307 22
G.A. Deis. EG&G Idaho, Inc.
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Wednesday ,

2:30 p.m. Session 4C-4 (poster)
Summary

NEUTRONICS AND SHIELDING Pa» ****

Fusion Reactor Blanket—Neutronic Studies in France 311 23
F. Bane, F. Gervaise, and L. Giancarli, Centre d'Etudes Nucleaires de Saclay

Nucleonics of a Be-Li-Th Blanket for the Fusion Breeder 313 24
J.D. Lee, Lawrence Livermore National Laboratory

Aqueous Siurres as Tritium Breeding Blankets for D-T Fusion Reactors 315 25
T.A. Parish. R.D. Erwin, and M.J. Schuller, Texas A&M University

A Benchmark Experiment on Tritium Production and Radiation Heating in the
LiF Assembly 317 26
7: Iguchi, M. Nakazawa, and A. Sekiguchi, University of Tokyo

The Dependence of Neutron-Induced Radioactivity in Fusion Reactors on Geometric
Design Parameters 319 27
G.P. Lasche and J.A. Blink, Lawrence Livermore National Laboratory

Neutronics Analysis of the Modular Stellarator Power Reactor UWTOR-M 321 28
LA. El-Guebaly, Univesity of Wisconsin

Neutronics Analysis for the MARS Li-Pb Blanket and Shield 323 29
J.H. Huang and M.E. Sawan, University of Wisconsin

Cross Section Sensitivity Study for U.S. Fusion Engineering Device (FED) 325 30
5. Pelloni, Swiss Federal Institute for Reactor Research
E. T. Cheng, General Atomic Co.
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Wednesday

2:30 p.m. Session 4C-5 (poster)
Summary

INERTIAL CONFINEMENTFUSION *w* Booth

Vaporization of Pb and Li Films in ICF Reaction Chambers 329 31
AM. Hassanein, Argonne National Laboratory
CD. Croessmann and G.L. Kukinski, University of Wisconsin

Concept and Design of ICF Reactor SENRI-II 331 32
N. Nakamura and H. Omura, Ishikawajima-Harima Heavy Industries, Ltd.
S.ldo. S. Nakai, and C. Yamanaka, Osaka University
K. Kitamura, Toyohashi University of Technology
H. Nakashima, Kyushu University
H. Katsuta, Japan Atomic Energy Research Institute
K. Miya, University of Tokyo

Target Explosion Generated Fireballs in the Nitrogen Filled Target Chamber of the Light Ion
Fusion Target Development Facility 333 34
R.R. Peterson and G.A. Moses, University of Wisconsin

Inertial Confinement Fusion with Direct Electric Generation by Magnetic Flux Compression . . . 335 33
G.P. Lasche, Lawrence Livermore National Laboratory

First Wall Materials Selection for the Light Ion Fusion Target Development Facility 337 35
R.R. Peterson. E.G. Loveli, K.J. Lee, R.L Engelstad, G.L. Kulcinski, and G.A. Moses,

University of Wisconsin

Dynamic Stress Analysis of Light Ion Fusion Target Development Facility
Reaction Chambers 339 36
E.G. Lovell and R.L. Engelstad, University of Wisconsin

Neutron Activation and Shielding of the Light Ion Fusion Target Development Facility 341 37
K.J. O'Brien, A.M. White, and G.A. Moses, University of Wisconsin

An ICF Reactor Concept Using 3He-AFLINT Targets 343 38
G.H. Miley, J. Stubbins, M. Ragheb, and C. Choi. University of Illinois
G. Magelssen, Los Alamos National Laboratory
R. Martin. Argonne National Laboratory

P-25



Thursday, April 28,1983

8:15 a.m. Session 5A (oral)
Summary

MAGNET ENGINEERING p^

Japanese Progress in the Large Coil Task and the High-Field Cluster Test Program (invited) 347
5. Shimamoto and K, Yasukochi, Japan Atomic Energy Research Institute

Design of the 24 Tesla Axicell Magnets for MARS 349
R.W. Baldi, J.F. Partner. WE. Tqffolo, K.L Agarwal, S. Dharmarajan, R.A.Sutton,

S.D. Peck, CM. Powers, G.D. Magnuson, andJ.L. Sounders,
General Dynamics-Convair Division

Manufacture of TFTR TF Coils 351
R.L Fuller, Jr. andAJ. Jarabak, Westinghouse Electric Corp.
M. Sabado, Ebasco Services, Inc.
E. Stern, Grumman Aerospace Corp.

Conceptual Design of Superconducting Helical Coil of Heliotron-G 353
5. Kakiuchi, Y. Kazawa. K. Kuroda, and H. Ogata, Hitachi, Ltd.
O. Motojima, A. liyoshi, and K. Uo, Kyoto University

Effects of Plasma Elongation on Magnetics of Continuous-Coil Tokamak Reactors 355
E. Bobrovand L Bromberg, Massachusetts Institute of Technology

Safely of Superconducting Magnets with Internally Cooled Conductors 357
LR. Turner, Argonne National Laboratory

Progress in Large Superconducting Pulsed Conductors and Coils for Tokamaks at JAERI 359
S. Shimamoto. T. Ando, T. Hiyama, H. Tsuji. Y. Takahashi, E. Tada, M. Nishi, K. Yoshida,

K. Okuno, K. Koizumi, H. Nakajima, T. Kato, and K. Yasukochi, Japan Atomic Energy
Research Institute

Ohmic Heating Solenoid Design Utilizing Force Cooled Windings 361
V.C Srivastava. General Electric Co.

Poloidal Field Superconducting Ring Coil Case and Support Structure Design 363
B.L Hunter and RJ. Hooper, General Electric Co.
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Thursday

8:15 a.m. Session 5B (oral)
Summary

INERTIAL CONFINEMENT FUSION .Jml

Repetitive Pulsed Power Technology for Inertial Confinement Fusion (invited) 367
K.R. Prestwich and M.T. But tram. Sandia National Laboratories

Novetle Pulse Power System Description 369
K. Whitham. D.J. Christie, D.G. Gritton, R.W. Holloway. B.T. Merritt, andJ.A. Okies,

Lawrence Livermore National Laboratory

Light Ion Fusion Target Development Facility Pre-Conceptual Design 371
G.A. Moses, R.R. Peterson, R.L Engelstad. E.G. Lovell, G.L Kulcinski. K.J. O'Brien,

A.M. White, and JJ. Watrous. University of Wisconsin
D.L C(x>k, Sandia National Laboratories

Cascade: A Centrifugal-Action Solid-Breeder Reaction Chamber 373
J.H. Pitts, Lawrence Livermore National Laboratory

Design Considerations for Direct-lllumination-Driven Inertial Fusion Reactors 375
J. Hovingh, Lawrence Livermore National Laboratory

The Sceptre High-Temperature Reactor Concept for [nertial Fusion 377
MJ. Monsler and W.R. Meier, Lawrence Livermore National Laboratory

Technical Risk Assessment for Inertial Confinement Fusion 379
W.G. Steele. T.J. McCarville, D.H. Berwald, S.L Salem, andJ.D. Gordon, TRW, Inc.
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Thursday

9:30 a.m. Session 5C-1 (poster)

IMPURITY CONTROL AND VACUUM TECHNOLOGY

Divertor Target Design for the UWTOR-M Modular Stellarator Power Reactor 383
R, Sanders and I.N. Sviatoslavsky, University of Wisconsin

Evaluation of Helium Cn/opumping Using Charcoal Sorbent 385
A. Tobin and D. Sedgley, Grumman Aerospace Corp.

Preliminary Design of iiic MARS Halo Plasma Scraper 387
J. Erickson, T. Luzzi, and D. Sedgley, Grumman Aerospace Corp.

MARS End Plasma Technology—Design of a Large Vacuum End Tank 389
J.L Erickson, Grumman Aerospace Corp.

FED Pumped Limiter Configuration Issues 391
J.R. Haines and G.M. Fuller, McDonnell Douglas Astronautics Co.
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Thursday

9:30 a.m. Session 5C-2 (poster)

NEXT GENERATION DEVICES " ' w «"•<"<

A Long Pulse Igniled Test Experiment (LITE) 395 7

L Bromberg, D.R. Cohn, andJ.E.C. Williams, Massachusetts Institute of Technology
D.L Jassby, Princeton Plasma Physics Laboratory

Design of the Alcator-DCT Tokamak at MIT 397 S
J.H. Schult: and D.B. Montgomery, Masachusetts Institute of Technology

Driven Current Tokamak (DCT) Scoping Study 399 9
R.L Reid. Oak Ridge National Laboratory

Desirable Engineering Features of the Next Generation Tokamak Device 401 10
T.G. Brown, Grumman Aerospace Corp.
C.A. Flanagan, Westinghouse Electric Corp.

Alternative Technological Pathways for Tokamak Fusion 403 11
G. Gibson, D.A. Sink, and L. Green, Westinghouse ARD

Engineering Testing Requirements in FED/1NTOR 405 12
M.A. Abdou and R.E. Nygren, Argonne National Laboratory
G.D. Morgan and C.A. Trachsel, McDonnell Douglas Astronautics Co.
G. Wire, E. Oppermann. and R. Puigh, Hanford Engineering Development Laboratory
R.E. Gold. Westinghouse Electric Corp.

FED-R—A Fusion Engineering Device Utilizing Resistive Magnets 407 13
D.L Jassby, Princeton Plasma Physics Laboratory
S.S. Kalsi, General Electric Co.
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Thursday

9:30 a.m. Session 5C-3 (poster)
Summary

BLANKET ANDFIRST WALL ENGINEERING _ ^ * L _ *v»!i

Mechanical Design and Thermal Hydraulic Considerations for a Self-Cooled Li-Pb Blanket . . . . 411 14
B. Misra andD.L. Smith, Argonne National Laboratory
G.D. Morgan, McDonnell Douglas Astronautics Co.

The Gas-Cooled, Li20 Moderated Canister Blanket for Fusion-Synfuels 413 15
R.W. Werner, Lawrence Livermore National Laboratory

Fusion Breeder Blanket Design Considerations 415 16
C.P.C. Wong, R.L. Creedon, I. Maya, and K.R. Schultz, General Atomic Co.

Design of Superheated Steam Producing Blanket for a DD Tokamak 417 17
A.E. Dabiri. J.E. Glancy, and H. Gurol, Science Applications, Inc.
R.N. Cherdack, Burns and Roe, Inc.

Fluidized Bed Design for ICF Reactor Blankets Using Solid Lithium Compounds 419 18
E.W.Sidcov, F.S. Malick, L Green, andB.O. Hall, Westinghousc Electric Corp.

Neutron-Transparent First Wall for Module Testing 421 19
G.M. Fuller, B.A. Cramer, J.R. Haines, andJ. Kirchner, McDonnell Douglas

Astronautics Co.
B.A. Engholm, General Atomic Co.
M. Seki, Japan Atomic Energy Research Institute

An Electrically Conducting First Wall for the FED-A Tokamak 425 21
B.A. Cramer, G.M. Fuller, J.R. Haines, and V.D. Lee, McDonnell Douglas Astronautics Co.
Y. Gohar, Argonne National Laboratory
F.W. Wiffin, Oak Ridge National Laboraiory

Conceptual Study of a Lithium-Lead Eutectic Blanket for a Power Reactor 427 22
F. Carre, Z. Tilliette, andJ. Remoleur, Centre d'Etudes Nucleaires de Saclay

Design Optimization of the MARS LiPb Blanket 429 23
L..J. Perkins, University of Wisconsin
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Thursday

9:30 a.m. Session 5C-4 (poster)
Summary

ENVIRONMENT AND SAFETY ?<>*•
Modeling of Fusion Activation Product Release and Reactor Damage from Rapid

Structural Oxidation 433 24
S.J. Piet, EG&G Idaho, Inc
MS. Kazimi. and L.M. Lidsky, Massachusetts Institute of Technology

Pressurized-Water Cooling Tube Ruptures in a Fusion Blanket 435 25
P.A. Roth andJS. Herring, EG&G Idaho, Inc.

Cost Optimization of Tritium Control Systems 437 26
D.F. Holland, EG&G Idaho, Inc.

High-Temperature Oxidation and Mobilization of Activated Structural Species 439 27
S.P. Henslee, EG&G Idaho, Inc.

On the Development of Accident Sequences in Fusion Reactors 441 28
G. Apostolakis, R. fV. Conn, A. Madrid, and D. Sanzo, University of California, Los Angeles

Alternative Dispositions for Irradiated Superconducting Magnet Materials 443 29
/. Maya, H.E. Levine, D.D. Peterman, S. Strausberg, and K.R. Schultz. General Atomic Co.

The Influence of Steel Type on the Activation and Decay of Fusion Reactor First Walls 445 30
J.A. Blink, and G.P. Lasche, Lawrence Livermore National Laboratory

Modelling of Lithium-Lead/Water Interactions 447 31
M.L Corradini and D.K. Sze, University of Wisconsin

Safety and Environment Tritium Problems in a Tokamak Reactor, Optimisation of Workers and
Public Protection and the Robotics Challenge 223 31A
D. Leger, J.L. Rouyer. andJ. Vertut, Commissariat a l'Energie Atomique
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Thursday —

9:30 a.m. Session 5C-5 (poster)
Summon-

NEUTRONICS AND SHIELDING _. *HL -

EBT-P Gamma Ray Shielding Analysis 451
K Gohar, Argonne National Laboratory

Measurements of Angular Flux on Surface of Li,O Slab Assemblies and Their Analysis by a
Direct Integration Transport Code "Bermuda" 453
H. Maekawa, Y. Oyama. T. Suzuki, Y. Ikeda. and T. Nakamura, Japan Atomic Energy

Research Institute

MARS Axicell Radiation Damage and Shielding Analysis 455
L El-Guebaly, LJ. Perkim, and C.W. Maynard, University of Wisconsin

On Isotopic Tailoring for Fusion Reactor Radioactivity Reduction 459
A/.Z. Youssef and R. W. Conn, University of California, Los Angeles

Neutron Activation in EBT-P 461
/).£. Driemeyer, McDonnell Douglas Astronautics Co.

Intercomparison of Nuclear Data Library Sources, Group Structures and Collapsing Spectra
forlNTOR-EC 463
.9. Pelloni and J. Stepanek, Swiss Federal Institute for Reactor Research
D. Dudziak, Los Alamos National Laboratory

Development of the Two-Dimensional Cross-Section Sensitivity and Uncertainty Analysis Code
SENSIT-2D with Applications to the FED 465
M.J. Embrechts, D.J. Dudziak, and HT Urban, Los Alamos National Laboratory
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Thursday

1:30 p.m. Session 6A (oral)
Summary

BLANKET AND FIRST WALL ENGINEERING * L
Overview of First Wall, Blanket and Shield Technology and Progress (invited) 469

RE. Nygren, ArgonneNational Laboratory

Fusion Power Burst Facility—A Distributed 14 MeV Neutron Radiation Facility for
Engineering Scale FW/B Component System Testing and Development 471
P.Y Hsu. L.G. Miller. YD. Harker, A.J. Scott. T.S. Bohn. F.J. Wheeler. D.E. Wessol.

G.A. Deis, and K.D. Watts, EG&G Idaho, Inc.

The TFTR Lithium Blanket Module Final Design and Materials Development 473
D.W. Graumann, R.L Creedon, B.A. Engholm, J.R. Lindgren. andL Vang,

General Atomic Co.

Progress in Studies of LIl7PbHj as Liquid Breeder for Fusion Reactor Blankets 475
G. Casini. Commission of the European Communities

MARS High Temperature Blanket 477
J.D. Gordon. DH, Berwald, B.A. Flanders, J.K. Garner. andS.C. Mortenson, TRW, Inc.
J.F. Partner. C.A. Sink. J.C. Yu, K.L Agarwal, andS. Dharmarojn, General Dynamics
N.M. Ghoniem, University of California, Los Angeles
N J. Hoffman, Rockwell International

Design of High Temperature First Wall and Blanket for a DD Compact Reversed Field
Pinch Reactor (CRFPR) 479
A.E. Dabiri and J.E. Glancy, Science Applications, Inc.

High Performance Breeding Blankets for ICF Facilities 481
i.R. Larson and I.O. Bohachevsky, Los Alamos National Laboratory

Low Activation Fusion Reactor Design Studies 483
G.R. Hopkins. E.T. Cheng. R.L. Creedon. K.R. Schultz. P. Trester, and C.P.C. Wong.

General Atomic Co.

Lifetime Analysis of Fusion Reactor Components 485
R.F. Xfattas Argonne National Laboratory
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Thursday

1:30 p.m. Session 6B (oral)
Summary

ALTERNATE CONCEPTS /'««<
Compact Fusion Reactors (invited) 489

R.A. Krakowski. Los Alamos National Laboratory
R.L. Hagenson, Technology International, Inc.

Recent Developments in Stcllarator Physics (invited) 491
J.L Johnson, Princeton Plasma Physics Laboratory

Engineering Design of a Compact RFP Reactor (CRFPR) 493
R.L Hagenson, Technology International, Inc.
R.A. Krakowski, Los Alamos National Laboratory

Experience with the Modular Design Concept of the OHTE Experimental Device During Initial
Assembly, Operations, and the Mid-experiment Upgrade 495
D. W. Graumann. General Atomic Co.

OHTE Reactor Embodiments Based on Preliminary' RFP Experimental Results 497
R.F. Bourque, General Atomic Co.

Design of the ATF-1 499
R.L Johnson. O.B. Adams, T.C. Jernigan. J.F. Lyon. B.E. Nelson, and P.B. Thompson,

Oak Ridge National Laboratory

A Design Study of a Heliotron Power Reactor 501
/. Yanagisawa, N. Ueda, and M. Yamada, Mitsubishi Atomic Power Industries. Inc.
M. Tomita. Mitsubishi Heavy Industries, Ltd.
R. Saito and T. Yamada, Mitsubishi Electric Corp.
H. Nakashima, Kyushu University
O. Motojima, M. Nakasuga, A. liyoshi, and K. Uo, Kyoto University

Modular Stellarator Reactor Conceptual Design Study 503
R.L. Miller, C.G. Bathke, and R.A. Krakowski, Los Alamos National Laboratory
F.M. Heck. LA. Green. J. Karbowski, J.H. Murphy, and R.B. Tupper. Westinghouse

Electric Corp.
R.A. DeLuca, A. Moazed, and R.A. Terry, Stone and Webster Engineering Corp.

Physical and Engineering Constraints for Tokamak Reactors with Helical Coils 505
/?./;. Potok. DR. Cohn. H. Becker, L Bromberg, N. Diatchenko, D.B. Roemer, and

J.E.C. Williams, Massachusetts Institute of Technology

Exploratory Studies of Negative Tandem Mirror Reactors 507
F. Kantrowitz, E. Zawaideh, and R.W. Conn. University of California, Los Angeles
D. Dobrott, S. Tamor, and D.C. Baxter, Science Applications, Inc.

EBT Reactor Characteristics Consistent With Stability and Power Balance Requirements 509
N.A. Uckan and R.T. Santoro. Oak Ridge National Laboratory

Conceptual Design of a Heliotron Reactor ^j I
S. Kakiuchi. Y. Kazawa. M. Nishi, and T. Okazaki, Hitachi Ltd.
O. Motojima, A. liyoshi. andK. Uo. Kyoto University
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Thursday

2:30 p.m. Session 6C-1 (poster)
Sunmiary

MAGNET ENGINEERING J*
Toroidal Field Resistive Magnet Design for Tokamak Test Reactors 515 I

R.J. Hooper andSS. Kalsi. General Electric Co.

A Minimum-Thickness Low-Activation Toroidal Field Coil Concept for Fusion Reactors 517 2
H".}: Chen and E. T. Cheng. General Atomic Co.

Structural Design Consideration for the FED 50 kA Pool Bath Cooled Conductor
(PBCC) Coils 521 4
C>. Buchanan and J.G. Bennett, Los Alamos National Laboratory

A Unified Study for Determining Poloida] Field Coil Locations for a tokamak 523 5
I '.C. Srivastava andS.S. Kalsi, General Electric Co.

Ripple Reduction Coils for Tokamak Reactors 525 6
(i. Bateman. Georgia Institute of Technology

Hysteresis Loss Calculations for the Tokamak Fusion Reactor Through Fields
Harmonics Content 527 7
K. Denno, New Jersey Institute of Technology

Design and Fabrication of the Iron Core for the OHTE Experimental Machine 529 8
B. Curwen and L.H. Franklin, General Atomic Co.

Nondestructive Testing of Metallic Sheath for Superconducting Cable 531 9
R.W. McClung, KV. Cook. CV Dodd. andJ.H. Smith, Oak Ridge National Laboratory

Long-Term FED/INTOR Magnet Testing in Support of DEMO 533 10
K.V. Shah. J.S. Herring, andS.Z. Rouhani. EG&G Idaho, Inc.

F.BT-P Quench Detection Technique in a Magnetically Noisy Environment 535 1 ]
DM'. Lieurance, S.M. Cunningham, and H.G. Arrendale, General Dynamics-

Convair Division



Thursday

2:30 p.m. Session 6C-2 (poster)
Summary

PLASMA HEWING, IMPURITY CONTROL AND FUELING *v ?ES!!L

MARS Heating Systems 539 12
S.A. Freije and D.M. Goebel. TRW, Inc.
L.J. Perkins, University of Wisconsin
G.W. Hamilton, Lawrence Livermore National Laboratory
J.H. Fink. Negion, Inc.

Engineering Design of the Quasi-Optical ECRH Injection System for the Mirror
Advanced Reactor (MARS) 541 13
LJ. Perkins, University of Wisconsin
S.A. Freije. TRW, Inc.

Design of Central Cell Neutral Beamlines forTDF 543 14
J. Vetrovec. A. Cole, and H. Boehmer, TRW, Inc.
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THE FUSION TECHNOLOGY PROGRAM IN JAPAN

Yasuhiko Iso

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE

The fusion reactor development program of Japan is being carried out as

one of the national projects. Major near-team objective is to demonstrate

reactor grade plasma in tokamak confinement by means of JT-60 now under

construction. This objective was set forth in 1975 as a Special Project

of the Nuclear Energy, defined by Japanese Atomic Energy Commission.

JT-60 was designed to realize the break-even condition of plasma with T ^

10 KeV, n 'V 10ll*/cm3 and T ̂  1 sec. JT-60 machine and auxiliary equipments

have been under fabrication at the factories, and most main components are

almost all completed ready for shipping. Meanwhile the site preparation

and the buildings for JT-60 machine and equipments are near completion at

the site of Naka in Ibaraki prefecture. Installation of the power supplies

and the control systems have been carried out since April 1982. The instal-

lation of JT-60 machine i.e. coils and vacuum vessel and frames are sched-

uled to be commenced at the spring of 1983. JT-60 is to be completed in

March 1985 followed by the ohmic heating experiment and the attachment of

NBI and RF heating equipments, thus the break-even plasma condition would

sure be expected in 1986-87.

This main line project is accompanied and supplemented by wide areas of

research activities by JAERI, National Institutes and Universities. Nuclear

Fusion Council has been taking a role of coordinating and collaborating

among each research and development program. Last October NFC proposed

the Long-term Project of the Nuclear Fusion Reactor Development, and the

basic idea was taken into the new Long-term Program for Nuclear Energy

Development and Utilization in Japan revised by JAEC in June 1982. Japan

will try to establish the self-sufficient technology based on its own de-

velopment as well as international collaboration, for the plausible-demon-

stration of fusion reactor expected in early 21st Century. The target

of the next stage is the engineering feasibility, to attain the
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self-ignition condition and to exhibit the denifite possibility of realizing

the fusion reactor. This target is to be achieved by the Fusion Experimen-

tal Reactor (FER) in late 1990's. It was also proposed to promote progres-

sively the necessary research and development, presuming the tokamak-type

FER, and its design should be finalized by late 1980's. Wide varieties of

research work in alternative plasma confinement concept is being carried

out mostly at Universities. These must also be promoted and should be com-

pared with tokamak mainline after showing their perspective of the energy

break-even and the plausibility of the reactor concept.

Along with this national program, energetic activities in research and

development both in plasma phisics and engineering are being carried out

in each research organization. JFT-2M in JAERI, R tokamak project in ipp,

Heliotron in Kyoto University, Tandem Mirror in Tsukuba University, Laser

Fusion in Osaka University, S.C. turbulent heating tokamak in Kyushu Uni-

versity are the main plasma physics equipments underway. Reactor engineer-

ing research and development, are also underway by means of 14 MeV Neutron

Sources mainly for fusion neutronics, tritium handling laboratories, S.C.

magnet testing equipments at JAERI and Universities and National Institutes.

FER design work is being done by JAERI with assistance of industries, which

corresponds with INTOR design workshop.

International collaboration is getting more important to contribute to the

world research and development in fusion. US-Japan bi-lateral agreement in

fusion is one of the most promising examples of collaboration. D-III joint

project showed successful results giving high 3 experimental date with the

world biggest tokamak plasma. Technology collaboration for FER/FED develop-

ment are being promoted as a new joint planning subject. LCT project of

IEA is progressing, Japanese LCT coil has been completed and showed the

expected test results and is going to be sent to ORNL.

Japanese fusion R&D is progressing on steady steps as is projected, with

tight collaboration with other nations.



THE FUSION PROGRAMME OF THE EUROPEAN COMMUNITY

D. PALUMBO
Commission of the European Communities

200, Rue de la Loi, B-1049 Brussels (Belgium)

The European fusion programme is essentially based on the magnetic confine-
ment approach and is constituted by the fusion research activities in the
member states of the European Communities, the associated programmes of
Sweden and Switzerland, and the contributions of the Community's Joint
R3search Center.

The main emphasis at present is on the Tokamak line. The principal results
obtained in European Tokamaks are reviewed and the scientific programme of
the nearly completed JET machine is outlined.

As alternatives to the Tokamak, the confinement schemes of the Stellarator
and of the Reversed Field Pinch are pursued in Europe. For each, a major
experimental programme has been initiated.

Recently, an important European team has been set up to start studying NET,
Next European Tokamak, conceived as the major step after the JET experiment,
towards the fusion reactors. The NET study starts from the ideas developed
for INTOR and the activity is later expected to become the focus of the
European fusion effort.

The development of fusion technology is primarily aimed at future needs of
NET. Major areas of technological development are: superconducting magnets
for the toroidal and poloidal fields of NET; the tritium systems for NET;
the breeding blanket, which is of particular interest for Europe; remote
operation techniques for NET; irradiation behaviour of structural and
other materials in NET and more advanced fusion devices; and the study of
the safety problems and of the environmental impact of fusion.

The European fusion programme is co-ordinated by EURATOM and is implemented
by means of Association Contracts between EURATOM and different organizations
in the member states and associated states, and by the JET Joint Undertaking.
Because of the multinational character of the programme the management and
organization structures are quite complex.

Europe is actively co-operating with other large fusion programmes of the
would, either through international organizations like the IAEA and the IEA,
or via bilateral agreements.
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PROGRESS IN FUSION TECHNOLOGY

IN THE U.S. MAGNETIC FUSION PROGRAM

Robert J. Dowling
Director

Division of Development and Technology
Office of Fusion Energy
Office of Energy Research
U.S. Department of Energy

The goal of the U.S. Fusion Technology Program is to develop the
engineering and technology base needed to support the demonstration of
engineering feasibility of magnetic fusion. This is planned to be
accomplished through a broad program with the design, construction and
operation of the Engineering Test Reactor as the principal facility. In
addition, as the program moves forward, industrial involvement in fusion
technology development will expand in order to develop an adequate
base of support for future development of this energy resource. Finally,
technical support is provided for current fusion experiments and possible
upgrades of our major machines.

There has been a significant amount of progress in the last few years in
the development of reactor-scale fusion technologies. For example, in the
area of gyrotron development for radiofrequency (RF) heating, 28 gigahertz
(GHz) gyrotrons at 200 kw continuous wave (cw) and 60 GHz gyrotrons at 124
kw cw have been operated. Present plans call for continuing development of
100 GHz gyrotrons at higher power levels. In the magnetics area,
construction of the Large Coil Test Facility will be completed and initial
operations with two coils should begin in 1933. The other four large coils
should be delivered to permit full 6 coil torus testing to begin in 1984.

The research and development plans for the Magnetic Fusion Energy Program
are contained in the Fusion Engineering Development Plan which was issued
recently. In order to assure that the activities described in the Fusion
Engineering Development Plan are consistent with the overall fusion program
strategy and to optimize resource allocation recognising budget
constraints, the Fusion Technology Program has prioritized its activities.
The first priority is placed on engineering development issues related to
selection of a reactor confinement concept for the Engineering Test Reactor
and operation of that reactor in the 1990's. First priority is also
assigned to technology feasibility questions for the Engineering Test
Reactor and for critical fusion power reactor issues that will not be
addressed by the Engineering Test Reactor. The second priority is assigned
to the optimization of technologies whose feasibility has already been or
will soon be established and on development needs which are required for
fusion power reactors but not for the near term Engineering Test Reactor.



INERTIAL FUSION PROGRAM IN THE U. S.

R. L. Schriever
Di rector
Office of Inertial Fusion
U. S. Department of Energy

The goal of the U. S. Inertial Fusion program is to establish within the
next few years the driver and target requirements for ignition. The
current program plan emphasizes completion of three major facilities --
the ANTARES carbon dioxide laser system at Los Alamos, the NOVA neodymium
glass laser at Lawrence Livermore, and the Particle Beam Fusion Accelerator
II at Sandia, Albuquerque -- and seeking a more complete understanding of
target interaction physics before proceeding with the next step in the
program. Experiments using these facilities and those of the three major
supporting laboratories -- KMS Fusion, the University of Rochester, and the
Naval Research Laboratory -- will provide much of the data base for a
comprehensive program evaluation planned to occur in 1987.

In the near term, the ICF program is providing data to support nuclear
physics research and development at the national nuclear weapons
laboratories. Developing an understanding of the requirements for
target ignition and efficient fuel burn will also establish the potential
of ICF as a civilian energy technology.
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OVERVIEW OF MFAC PANEL FINDINGS ON TANDEM MIRRORS AND TOKAMAKS

J. R. Gill^land, GA Technologies Inc.

In the spring of 1982, the Magnetic Fusion Advisory Committee was formed
by the Secretary of Energy to advise the Department on fusion research
and development. In response to specific requests from the Director of
tnergy Research, the committee is formulating findings and recommenda-
tions on several key issues. Charges to special study groups include
formulation of an integrated tokamak and tandem mirror research plan, an
overall review of alternate concept development, analysis of possible
upgrades of TFTR and MFTF-B, and critical look at the best use of uni-
versities, industry, and national laboratories in fusion development.

This talk concerns itself principally with the observations,
conclusions, and recommendations of the Review Panel on Tokamaks and
Tandem Mirrors. The Panel reviewed the physics bases, reactor embodi-
ments, and development plans for both devices. Findings of the Panel
were closely couplod to prescribed funding assumptions. The principal
conclusions of the Panel were:

o The objective of the noxt phase of the magnetic fusion program
ib to create the scientific and technological data base for a commer-
cially attractive fusion reactor.

• At present, the tandem mirror and tokamak concepts can be
embodied in viable reactor designs of roughly similar characteristics.
In both reactor designs, there are scientific and technological assump-
tions that remain to be validated by experiment. Roth designs also have
the potential for significant further improvement through technical in-
novations that are in the exploratory phase.

• In the case of the tokamak, the existing data base implies the
feasibility of net power production. Demonstration of the achievability
of sufficiently high power density and long pulse length for commercial
attractiveness is addressed by the proposed experimental program.
Steady state current drive at low recirculating power is a promising
option for concept improvement.

• Tandem mirror research is in an earlier phase of its develop-
ment. The current experimental program is addressing the feasibility of
net power production; in this context the demonstration of the thermal
barrier technique is of particular importance. The tandem mirror con-
cept offers the possibility rf steady state, high beta operation.

• The TFTR facility is expected to demonstrate the scientific
feasibility of magnetic fusion power during the mid-80's. In order to
continue high level tokamak experimental progress during the first part
of the 90's, a significant upgrade of the TFTR facility should be con-
sidered for operation in this period. (This topic is being addressed by
the Review Panel on TFTR.)
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• The development of the required data base for the tandem mirror
reactor concept should be pursued vigorously. Essential to this is the
timely completion of the MFTF-B facility now under construction. Future
upgrades of MFTF-B are now under study.

• The relative promise of the tandem mirror and tokamalc reactor
concepts should be reassessed periodically on the basis of new experi-
mental data. A preliminary assessment can be made at the end of 1984.
A more substantive assessment can be made at the end of 1987. The pro-
gram funding balance should be readjusted as may be appropriate on the
basis of these technical assessments.

• If technical developments continue to be favorable, the decision
to proceed with the construction of an ETR of either the tokamak or tan-
dem mirror type could be made following the 1987 assessment, with D-T
operation scheduled for the late 90's. Competing conceptual design
studies should be undertaken soon, with intensified efforts as appropri-
ate following the 1984 assessment.

• The technical decision points will serve to focus effort on one
mainline reactor program, but substantial incremental funding will be
needed, especially beginning in FY-88, in order to move forward to an
ETR and to the demonstration of commercial feasibility.

• The technical status and rate of progress in the tokamak and
mirror areas are favorable to the timely development of an attractive
commercial reactor, provided that future funding is program-driven
rather than budget-constrained. In FY-S4, the $600M level approximates
the program-driven case; the $500M level implies a significant curtail-
ment of productivity; the $400M level would require dismantling key
elements of the present goal-oriented national magnetic fusion program.

The speaker will discuss the potential impact of favorable new physics
results, u well as recent funding trends, on the Panel findings.
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PHYSICS BASIS FOR AN IGNITED LONG-PULSE TOKAMAK

Paul H. Rutherford
Princeton University Plasma Physics Laboratory

Princeton, NJ 08544

Recent advances in tokaraak research have led to an improved understanding
of the plasma requirements for achieving long-pulse ignited burn in a
tokamak plasma. This paper will present an assessment of these require-
ments in the areas of plasma energy confinement, plasma stability at
moderately high beta-values, particle and impurity control, plasma heating
and non-inductive current drive.

The scaling of energy confinement in tokamak plasmas subjected to strong
neutral-beam heating is found to differ from that in ohmically-heated
plasmas, and to depend mainly on the plasma current. This dependence on
plasma current results in a variation of confinement with the shape of the
plasma cross-section, elongated cross-sections being strongly favored. If,
in addition, the plasma is bounded by a magnetic soparattlx and plasma
recycling is removed from the main chamber, as in the case of a poloidal
divertor, energy confinement is further improved — for reasons which are
not yet well understood.

Recent experiments in circular cross-section tokamaks appear to have suc-
ceeded in reaching a limit on plasma beta-value (6=8Trp/B^), and the
phenomenology of enhanced transport which occurs as this limit is approached
is becoming clear. Experiments in tokamaks with shaped cross-sections have
verified the theoretically-predicted improvement of beta with elongation
and, at values of about 4,5%, a beta-limit does not appear to have been
reached. With rather extreme cross-sect?onal shaping, including cross-
sections indented on the inboard side, theoretical calculations indicate
that very high beta-values may be achievable — perhaps as high as 10-20%.

Conceptual advances in our understanding of particle and impurity control
in long-pulse tokamaks have been based partly on the experimental successes
of tokamaks with magnetic divertors, and partly on the development of
detailed computational models of plasma and neutral-gas flow in a divertor
channel and in the vicinity of a mechanical limiter. At the present time,
it appears that the requirements for particle and impurity control in a
long-pulse ignited tokamak can be met with a magnetic divertor, at the cost
of considerable added complexity in the magnetic configuration. From a
practical viewpoint, a mechanical "pumped" limiter is greatly to be pre-
ferred, but further experimental investigations will be needed before this
concept can be regarded as a proven option.

Plasma heating by radiofrequency waves in the ion cyclotron range of
frequencies has been demonstrated to be as effective as neutral beam heating
in raising ion temperatures to the multi-keV range, and has substantial
technological advantages. Antenna and wave-guide launchers suitable for
application to a large ignition tokamak are in the conceptual development
stage* but there appears to be a wide variety of viable options.
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Non-inductive current drive using higher frequency (lower hybrid) rf waves
has been demonstrated to be effective in low-to-moderate density tokamaks,
with an efficiency about equal to theoretical predictions. The direct
applicability of this technique to plasmas with reactor densities and
temperatures in problematical, due to lowered efficiency at higher density
and difficulties in wave penetration at high temperature. A number of
techniques have been proposed for utilizing current drive only at reduced
plasma density, for example in current initation and ramp-up, to achieve
some of the technological advantages of true steady-state operation, in
particular reduced electromagnetic transients and very long burn pulses.

If high duty-factor and significant neutron fluence is not an objective,
the tokamak physics basis is sufficient to support a superconducting-coil
long-pulse ignition experiment of rather moderate size and cost. If
copper magnets are used, the size and cost of such a device becomes very
attractive, especially if high plasma beta can be realized.

This work was performed under the auspices of the U.S. Department of Energy
Contract No. DE-AC02-76-CH03073.
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NEXT TOKAMAK FACILITY John A. Schmidt, Princeton Plasma Physics Laboratory
C. A. Flanagan, Fusion Engineering Design Center/Westinghouse This paper
summarizes the status of the most recent efforts to determine the approp-
riate next step for the tokamak program. A broad research base exists to
permit confident predictions about the future of tokamak physics. Tokamak
confinement values of ni have been achieved that are within an order of_
magnitude of reactor level values. Values of nt in the mid 1013 cm 3 s
range are expected to be achieved in the near-term devices TFTR and DIII-D.
A confinement time of about one second is expected to be achieved in JET.
Experiments have been performed in which the volume-averaged beta values
achieved are nearly equal to those needed for ignition in typical reactor
designs. Although this progress is encouraging, at the time of initial
operation of the next tokamak facility, there will still be many un-
answered reactor physics questions since at present there is no direct
information on alpha particle physics. The issues of alpha heating,
stabilization of the thermal runaway after ignition conditions are
established, and maintaining the equilibrium burn point must all be
resolved by next-generation devices.

In the tokamak technology area, the requirements can be confidently
stated. All of the reactor design studies of recent years have tended
to converge on reasonably common views about the technologies to be em-
ployed and the desirable mechanical configuration features to be in-
corporated. There is general agreement that the magnet systems should
use superconducting coils so as to be on the path to development of
reactor-relevant systems. There is also increasing agreement to use RF
technologies for plasma heating. System experience is required to demon-
strate that these systems can be made to work reliably and with accept-
able efficiency. Impurity control and exhaust remain key areas requiring
experimental concept verification. Design studies have led to relatively
attractive modularized approaches for the use of either a poloidal
divertor or pumped limiter. Related technology issues are associated
with the ability to accommodate the heat and particle loads as well as any
disruption effects. There are many nuclear systems technology areas that
need to be resolved for fusion power demonstration. The degree to which
these issues can or should be addressed in the next tokamak facility is
presently a matter of debate.

The recent Magnetic Fusion Advisory Committee Panel 3 stated as part of
its findings that "Without a significant physics and technology step in
the tokamak program beyond TFTR, commitment to a tokamak ETR that would
achieve net power generation at reasonable availability would probably
not be technically justifiable." The Panel recommended that the tech-
nically preferred option is a superconducting, long-pulse, ignition
device. Design studies on such a device, called the Toroidal Fusion
Core Device (TFCD), have been underway by the Fusion Engineering Design
Center and Princeton Plasma Physics Laboratory with additional broad
community involvement. The physics and technology objectives of this
device are given in Table 1. A key feature of the TFCD i . the studies

21



to achieve high performance at minimum capital cost is the incorporation
of a hybrid toroidal field coil system in which superconducting toroxdal
field coils are complemented with copper coils integrated into either
the shield structure or into the superconducting coil structure. Such a
combination permits high field plasma operation at reduced capital cost.
Although the goal of TFCD would not be to achieve significant fluence
capability, the neutron wall loading is 2 MW/m2 which would permit many
attractive nuclear tests to be performed, such as those associated with
neutronics* heat recovery, plasma surface effects, tritium recovery, and
systems integration. However, relevant tests related to long-term
radiation effects would be precluded.

Table 2 presents key parameters for the present TFCD studies. The
desirability of an early project to perform design and construction of a
demonstration toroidal field coil which could benefit the device design
and could confirm design choices before final production is being explored.
The physics and engineering issues associated with selection of the next
attractive high performance device at the most beneficial capital cost
are being pursued. The intent is to initiate a capital project in the
near future if warranted by results of the present studies.

TABLE 1
TFCD Physics and Technology Objectives

• To develop and demonstrate ignited plasma conditions

• To develop and demonstrate rf heating to ignition

• To investigate long-pulse discharge operation with
equilibrium burn conditions

• To develop and demonstrate noninductive plasma current
initiation

• To develop and demonstrate long-pulse energy and
particle control and plasma handling

• To develop and use superconducting technology

• To develop and test a reactor configuration that is
compatible with normal tokanak operation

• To demonstrate plasma control with reactor-relevant
electromagnetic features

• To demonstrate the maintainability of a reactor-relevant
configuration

TABLE 2
TFCD Parameters

GEOMETRY
Major radius
MinoT radius
Plasma elongation

PLASMA
Plasna temperature
Electron density
Safety factor
Plasaa current
Total beta
Field on axis
f\

PnT fusion power

L p ) neutTon wall loading

SUPERCONDUCTING TF COIL
NumbeT of TF coils
TF field at the coil
Current density
Amp turns
Clear bore, width by height

COPPER INSERT COIL
Current density
Amp turns
Clear bore, width by height
Copper insert resistive power
Copper insert inductive power
Copper insert charge time

PF COILS
Total PF aap turns
Total V-sec from PF
V-sec required for startup
Current rise time (low beta)
Current density EF and OH coils

PLASMA HEATING
ICRF power
LHRH power
RF power (startup)

3.6 m
0.8 m
1.6 -

10 keV
2.2 1020

2.25
6.C MA
3.9*
7.0 T

3C0 m

1.9 MW/m2

16 -
10 T
2200 A/CB 2

92 MAT
3.6 by 5.2 m

1400 A/cm2

34 MAT
3.0 by 3.9 a
137 MN
62 MK
20 sec

50.2 MAT
40 Nb
67 Nb
6 sec
1500 A/cm2

20 MW
10 HK
1 MM
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TOKAMAK ETR OBJECTIVES, CHARACTERISTICS
AND CRITICAL ISSUES

Weston M. Stacey, Jr.
Georgia Institute of Technology

Atlanta, Georgia

This paper reviews the work on near-term tokamak reactor experiments
that has been performed worldwide over the past several years and draws
conclusions therefrom about the appropriate objectives, characteristics
and critical issues for a tokamak ETR to operate in the 1990s.

More than 1000 man-years of effort has been devoted to conceptual
design and data base assessment for first generation tokamak reactors
with a significant technological mission. This effort began in this
country In 1974 with the EFR studies and has progressed through the TNS
and ETF studies to the FED study in 1981-82. National Btudies have been
carried out in the USSR and Japan over the same period of time. Internationally,
the USA, USSR, Japan and Europe have collaborated on an intensive four
year INTOR study from 1977-82.

These studies were based on modest extrapolations from the current
data base and have evolved interactively with the plasma physics and
technology advances. They have evolved in a more-or-less continuous
fashion (the penchant for changing acronymns notwithstanding) over more
than eight years, until now there exists a rather high degree of inter-
national consensus on the objectives and physical characteristics of a
first-generation experimental reactor to operate in the 1990s and on the
required supporting R&D. A set of objectives and physical characteristics
will be presented, based on the latest recommendations from the FED-INTOR
Activity, and the impact thereon of an intermediate device will be discussed.

There are a number *of critical technical issues which effect the
tokamak ETR. Some of these, such as /-limits, confinement and supercon-
ducting magnet development are longstanding and well understood issues
that are being addressed by the R&D program. The importance and
characteristics of other, equally crucial, issues have only recently
emerged, principally through the Phase 2A INTOR work, which was carried
out in this country as the FED-INTOR Activity. The results of the
Phase 2A INTOR work on: 1) impurity control and high heat flux components;
2) limitations on pulsed operation; 3) constraints on tritium breeding
and recovery; and 4) tritium permeation will be summarized.
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OVERVIEW AND DIRECTIONS IN THE TANDEM MIRROR PROGRAM

K. I. Thomassen
Lawrence Livermore National Laboratory, University of California

Livermore, CA 94550

Since the invention of the tandem mirror, that concept has been evolving into
a better reactor than the standard tandem proposed five years ago. Both the
thermal barrier and axicell improvements have accomplished the desired goal of
simplifying the end plugs and making them less costly. Both improvements are
now incorporated in MFTF-B and in the current MARS (Mirror Advanced Reactor
Study). The thermal barrier allows end plug potentials to be constructed in
regions of lower density (compared to the central cell), and as a consequence
with lower beam voltages and plug magnetic field strengths than needed in the
standard tandem.

With the incorporation of the axicell, further quantitative improvements were
made. Field strengths and densities in the end plugs were lowered even
further, and the power losses in the end plugs were thereby reduced, leading
then to a higher Q and better economics.

In the axicell tandem the primary reactor regions, those where the density is
high and where the neutrons are produced, are axisymmetric and modular. Since
the majority of the cost is now in the systems associated with these
axisymmetric portions one is presumably approaching an ideal fusion reactor
configuration. Part of this paper describes these improved features as now
incorporated into MFTF-B.

With the physics direction in the program set we have been exploring how to
best address the engineering feasibility demonstration for tandem mirrors.
The National Mirror Fusion Program Plan calls for a two phase device, the
Fusion Power Demonstration (see the paper by Henning in this session) to
follow MFTF-B. The FPD is an aggressive step in the mirror program, and one
can reduce technical risk and expedite both phases of the machine by the
judicious choice of possible upgrades of MFTF-B and by complementary
facilities like the Technology Demonstration Facility (TDF) (see accompanying
paper by Doggett). The TDF could provide early nuclear technology testing at
modest fluence levels and save time and money in the second phase of FPD
(power cycle demonstration phase).

The TDF, and neutron producing upgrades of MFTF-B, are based on the Kelley
("wetwood burner") mode of operation. In this mode, a high neutron flux is
produced over a limited surface (<10 m ) area. The total neutron power is
typically 10 MW, so the cost can be kept relatively low. Tandem mirrors are
unique in this ability to provide high flux at low power, and therefore ways
to take advantage of this feature are under continuous study. This paper
describes the Kelley mode of operation in MFTF-B, and explains how various
upgrades would operate in this mode.

•Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.



FUSION POWER DEMONSTRATION*

C. D. Henning, B. G. Logan, G. A» Carlson, W. S. Neef

Lawrence Livermore National Laboratory

R. Botwin, Grumman

R. Campbell, TRW

As a satellite to the MARS (Mirror Advanced Reactor Study) a smaller,
near-term device has been scoped, called the FPD (Fusion Power
Demonstration). Envisioned as the next logical step toward a power
reactor, it would advance the mirror fusion program beyond MFTF-B and
provide an intermediate step toward commercial fusion power. Breakeven
net power capability would be the goal so that no utility power would
be re'quired to sustain the operation. A phased implementation is
envisioned with a hydrogen checkout first to verify the plasma systems
before neutron activation has occurred. Major tritium-related
facilities would be installed with the second phase to produce
sufficient fusion power to supply the recirculating power to maintain
the neutral beams, ECRH, magnets and other auxilliary equipment.

The FPD is a tandem mirror fusion device using magnetic and electro-
static plugs to confine a steady-state plasma in a 75-meter-long
solenoid. The magnet set has the full radial dimensions of the MARS
reactor but is shorter in length to reduce cost and utility power.
Further savings in utility power for start-up are made by reducing the
plasma radius. The result is a device with a utility power requirement
comparable to MFTF-B, but retains the possibility of future upgrades
toward a net-power demonstration reactor. At the reduced radius, the
neutron-wall loading is about 2 MW/m^, sufficient for testing of
nuclear components such as blankets. High-plant availability is not
expected initially so that neutron fluences for materials testing are
modest.

Shown in the Table are the baseline FPD parameters. Efficiencies and
parameters of the neutral beams, ECRH, and magnets have been derated
because of the nearer-term schedule of FPD. For example the 69%
electrical efficiency of the anchor-neutral beams in MARS required
photo-detachment methods for neutralization. For FPD, a gas cell is
assumed, reducing the efficiency to 50%. Likewise, the ECRH
efficiencies have been reduced from 65% to 50% by eliminating depressed
collector operation. Relatively inefficient charge-exchange barrier
pumping is used for trapped ion removal. Even so, negative-ion beams
at 475 kV for sloshing ions in the end cells and high-field 20 T, 1/2
meter bore magnets will require aggressive development programs.

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under Contract Number W-7405-ENG-A8.

Prefer Oral Presentation.
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FUSION POWER DEMONSTRATION
BASELINE PARAMETERS
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TANDEM MIRRORS FOR NEUTRON PRODUCTION

James N. Doggett
Lawrence Livermore National Laboratory, University of California

Livermore, CA 94550

Two mirror machines are being studied as early-time, low-cost neutron devices for
testing and demonstrating reactor-relevant fusion technology. The first of these
devices is a small, driven, steady-state D-T reactor, named the Technology
Demonstration Facility (TDF). The second is an upgrade to the MFTF (Mirror
Fusion Test Facility) machine, also driven and running for pulse lengths of some
hours, named MFTF-B+T. Both devices operate in the Kelley mode, therefore
requiring only modest physics improvements from TMX-U (Tandem Mirror
Experiment Upgrade).

TDF (Fig. 1) produces IB MW of fusion power and has a central-cell length of B m, a
first wall radius of 0.25 m, and steady-state, uncollided, neutron flux of
1.4MW*m~2. After subtracting beam access space and the area covered by the
magnets, about 8 m2 of directly accessible test space at the first wall is available.
This test space, combined with reactor-level neutron fluxes and steady-state
operation, provides a fully representative test bed for power reactor blankets.

The technology and physics applied in the TDF are those that should be readily
available by the end of this decade. We employ niobium-titanium superconductors
with magnetic fields limited to 8 T; the neutral beams operate continuously at
80 kV. The physics employed is that to be demonstrated in TMX.

The total power consumption of the facility is about 250 MW, it consumes 0.1 gm of
tritium per hour, and the estimated total cost (direct plus indirect) is about $1000M.

TDF, by the nature of its size and neutron flux, can provide a fully representative
test facility for fusion reactor systems at modest cost and, within limits, carry out
material testing and qualification programs.
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Figure 1. The TDF machine.

27



The MFTF-B+T device (Fig. 2) is an upgrade to the MFTF-B machine presently
under construction. This device addresses a programmatic need similar to the task
of TDF on a shorter time scale and for less cost, but with much lower neutron
fluence.

A shortened (5.6 m) version of the TDF central cell is introduced into the center of
the MFTF-B machine. When this section is driven by the appropriate neutral beams
it will produce about 16 MW of fusion power and a first-wall neutron flux of about
1.4 MW*nv2. In order to be compatible with the limitations of the MFTF, hardware
operations are limited to a number of ten-hour pulses.

The principle technology revisions to convert to this device are: 1) a tritium
system; 2) steady-state, 80-kV neutral beams; 3) continuous cryopumps; and
4) appropriate maintenance systems.

The power consumption is compatible with what is available for MFTF-B, tritium
consumption is modest for these s ort pulses, and the cost is in the order of $200M
to $250M. Construction can be parallel to the operation of MFTF-B, thereby
minimizing the schedule to complete.

This device provides a test bed for some blanket concepts and, possibly more
significantly, would demonstrate the integration of all fusion-power-reactor
subsystems into a neutron-producing device.

Figure 2. The MFTF-B+T machine.

Both of these devices offer valuable testing capability to the fusion program, not
only for blankets, but for the other reactor subsystems that must in the long run be
capable of operating with high reliability in the hostile environment of a fusion
reactor.

Work was perform^ und£r the suspjses o»" t.'-.e U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48,
and represents design studies principally performed by the following organizations:
Lawrence Livermore National Laboratory; Fusion Engineering Design Center, Oak
Ridge National Laboratory; TRW; General Dynamics, Convair Division; University
of Wisconsin; Science Applications, Inc.; and Bechtel.
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THE STATUS OP TRITIUM TECHNOLOGY DEVELOPMENT
FOR MAGNETIC FUSION ENERGY

J. L. Anderson
Los Alamos National Laboratory

The development of tritium technology for the magnetic fusion energy
program has progressed at a rapid rate over the past two years. The
focal points for this development have been the Tritium Systems Test
Assembly at Los Alamos and the FED/INTOR studies supported by the Fusion
Engineering Design Center at Oak Ridge. This paper will present an over-
view of the tritium technology program. Many of the areas mentioned in
this paper will be covered in greater detail in subsequent papers at this
meeting.

The Tritium Systems Test Assembly1 (TSTA) is a facility charged with
developing and demonstrating the processes and equipment for handling the
fuel and exhaust from a magnetic fusion reactor using deuterium and trit-
ium as the fuel. The TSTA facility became operational in 1982 and is now
into the testing and evaluation of the many subsystems required to purify,
separate, circulate and reuse the deuterium/tritium gas recovered from
the reactor vacuum system. At TSTA the reactor is simulated by a large
vacuum vessel into which the mixtures of deuterium, tritium and various
impurities (He, CH4, H2O, NH3, C2H2, etc.) are injected in the
proportions expected to be present in the actual exhaust gas in a reactor.
This mixture is then exhausted through the vacuum systems, reprocessed and
prepared for reinjection into the front end. This fuel reprocessing fa-
cility comprises a large vacuum system for exhausting the reactor, a fuel
cleanup system for removing the chemical impurities, an isotope separation
system for separating the hydrogen isotopes and the necessary transfer and
circulating pumps for moving the gas mixture through the cycle. Coupled
with the fuel reprocessing system are the necessary personnel and environ-
mental safety and protection systems. These include secondary containment
of all tritium wetted components in the fuel reprocessing cycle, an emer-
gency tritium cleanup system, a tritium waste treatment system and an ex-
tensive tritium monitoring system. The entire facility is under computer
control. The facility has an on site inventory of 150 g and is capable of
processing tritium through the fuel cycle at the rate of 1000 g per day.
This is essentially a full scale cycle for the anticipated first genera-
tion deuterium/tritium burning fusion machine. The experimental plan for
TSTA will be discussed and the results of early experiments and te£.ts will
be presented.

The recent thrust of the FED/INTOR studies has been related to questions
of tritium contamination of the primary coolant by permeation through the
first wall and contamination of the reactor hall. Studies at the Idaho
Nuclear Engineering Laboratory by EG&G, Idaho and Sandia National Laboratory
a1: Livermore, CA, have focused on the question of tritium permeation
through t^e first wall and the limiter/divertor and the equilibrium trit-
ium inventory in the structural material. While there are great

This work is supported by the Office of Fusion Energy, US Department
Energy.
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uncertainties here, the current estimates2 are in the range of 102 to
104 Ci/day migrating to the coolant of the first wall, limiter and di-
vertor with an estimated steady-state inventory of 0.1 - 1.0 kg in the
first wall, limiter and divertor. Rogers3, at the Mound Facility has
looked at potential methods of separating tritium from this coolant water
to an equilibrium level of <10 Ci/liter. A method based on a combined
electrolysis/catalylic exchange (CGCE) followed by cryogenic distillation
is recommended. Capital and operating costs of this tritium removal sys-
tem are closely tied to tritium migration rates through the structural
material into the coolant.

Tritium contamination in the reactor hall was evaluated to determine the
limitations presented by the tritium to personnel access for maintenance
after reactor shutdown. The major source term during normal operation
was expected to be the water coolant system. Therefore, a recommended
operating strategy was the use of separate coolants for the first wall/
limiter/divertor and for the blanket. This reduced the volume of coolant
which has to be processed and also the magnitude of the leakage and/or
accident source. Using this strategy the estimated range for total trit-
ium leakage from all sources to the reactor hall under normal conditions,
was estimated at 1 to 100 Ci/day. Under maintenance conditions, the range
was 20-1000 Ci/day with most of the tritium being released during removal
of the torus and other component sections.

The present predictions for failure rates and failure modes in FED/INTOR
imply that -70% of maintenance operations were completed in a short time.
Therefore, the "wait time" for activation gamma-ray decay and detritiation
of the reactor building atmosphere was a significant penalty in terms of
device availability. Maximizing the use of robotic units during the wait
time was therefore advisable. Personnel access after the wait time would
require bubble suits at tritium levels above 50 x 10~® Ci/m-*. The resul-
tant reduction in the productivity of maintenance personnel due to the use
of bubble suits should be included in the availability estimate for FED/
INTOR if personnel access is assumed.

REFERENCES
1. J. L. Anderson, "Tritium Handling Requirements and Development for

Fusion," Proc. of the IEEE, j>9, No. 8, 1069 (1981).

2. M. I. Baskes, K. L. Wilson, and W. Bauer, "Tritium Permeation -
Calculational Models and Analysis," FED-INTOR/TRIT/82-2, Sec. 2.2
(July 1982).

3. M. Rogers, "Methods for Tritium Separation," Sec. 2.4, ibid.
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THE TRIO-01 EXPERIMENT*

R. G. Clemner, R. F. Malecha
Argonae National Laboratory
Argonne, I l l i n o i s 60439

and

J. T. Dudley
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37S3O

The TRIO-01 experiment is a comprehensive test of in-situ tritium removing
frota a miniaturized solid breeeder blanket assembly. Other solid breeder
blanket performance factors such as thermal hydraulics, tritium permeation,
and gas phase chemistry will be tested as well. The capsule assembly will be
irradiated beginning in late 1982 in the A2 core position of the Oak Ridge
Research Reactor (ORR). Tritium release and recovery will be tested by
passing a He sweep gas through the solid breeder capsule and measuring and
collecting the tritium in the sweep stream. Experimental conditions and
parameters (Table I) were selected to simulate our best understanding of an
operational fusion reactor blanket, e.g., STARFIRE.*- The TRIO-01 experiment
has extensive on-line monitoring and instrumentation including: 1) a sweep
gas analysis system which monitors tritium levels and the chemical form of
tritium as well as impurities; 2) measurement of temperatures and temperature
gradients in the solid breeder using ten thermocouples; 3) direct measurement
of neutron flux with three self-powered neutron detectors; and 4) measurement
of tritium permeation from primary to secondary containment in the capsule.
The experiment will test solid breeder performance under a wide range of
conditions by controlled variations of three experimental parameters: temper-
ature, sweep gas flow rate, and sweep gas composition.

In preparation for the experiment, a considerable amount of development
work and verification testing was performed. In conjunction with modelling
studies, a specific "engineered microstructure" having a bimodel pore distri-
bution was developed for the y-LiA102 solid breeder. Extensive chemical
analyses were performed, and it was found that trace contaminants can have
significant effects. For example, the L1A102 has 0.2 wppia of U, giving
a 235y content of less than one atomic part per billion. However this may
produce enough activity of Ne and Kr isotopes to give a significant signal
in the gas analysis system. A gas loop mockup was used to verify performance
of components for the TRIO-01 gas analysis system. Neutron fluxes and spectra
as well as tritium production rates in a sample of the TRIO-01 Y~LiA102 were
performed in the TRIO-01 core mockup test. It was found that the measured
tritium production in samples of TRIO-01 y -LiAlO2 having an isotopic content
of 0.55% &Li were in excellent agreement (within 3%) of the calculated values
based upon dosimetry wires.

*Work supported by the U.S. Department of Enengy, Office of Fusion Energy
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Table I . TRIO-01 Selected Parameters

Breeder Material

Density

Microstructure

Temperature/Thermal Hydraulics

Pellet Diraensions

Pellet Analysis

Y-LiAlO2

2.615 gra/3

Biraodal Pore Distribution
Grain Size: 0.1-0.2 ym
Agglomerate Size: 50-100 Ma
Theoretical Density: 60-65%

Temperature Range (STARFIRE): 500-900°C
Temperature Range (TRIO-01): 4OO-95O°C
AT (TRIO-01): 100°C
Thertaal Conductivity of •y-LiAK^: 1-2 W/ra'K

Geometry: Hollow Cylinder
Inner Diameter: 0.624 in.
Outer Diameter: 1.000 in.
Length (total): 3.5 in.

Metal Impurities: < 100 wppm per cation
Chloride: 15 wppm
Lithium Isotopy: 0.55% 6Li, 99.45% 7Li

The capsule temperature and pressure design parameters were satisified using
the ASME code. Fabrication quality and acceptability were determined by
destructive examination of sample weld pieces. A safety review in accordance
with required procedures provided assurance that the experiment could be run
with confidence.

The full paper will present an overview of the following: 1) the design of
TRIO-01; 2) development work and verification testing; 3) experiences in
developing, fabricating, and assembling the experiment; and 4) experimental
results from the TRIO-01 experiment.

References

1. Baker, C. C., et al, "STARFIRE - A Commercial Tokamak Fusion Power Plant
Study," Argonne National Laboratory Report ANL/FPP/80-1 (1980).

2. Smith, D. L., R. G. Clemmer, V. Z. Jankus, and J. Rest, "Analysis of in-
situ Tritium Recovery from Fusion Reactor Blankets", Fourth ANS Topical
Meeting on the Technology of Nuclear Fusion, King of Prussia, PA, Oct.
14-17, 1980, USDOE Report CONF-801011, 560-569 (1981).
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ANALYSIS OF THE TRITIUM REQUIREMENTS
FOR A POWER REACTOR

by F. CARRE and A. ROCABOY

Centre d'Etudes NuclSaires de Saclay
Service d'Etudes des RSacteurs et de Mathe*matiques AppliquSes

91191 GIF-sur-YVETTE CEDEX

SUMMARY

Effective tritium regeneration and minimization of the blanket
inventory are often mentioned among the requirements, that the power reactor
blanket studies must meet. However the effective regeneration within the
blanket is not a strong enough requirement to ensure the continuous refue-
ling of the reactor since the tritium loss and the time scale associated
with the tritium processing operations may imply a minimum breeding capabi-
lity and an initial tritium supply to start up the reactor, that may be out
of reach. Like wise, the minimization of the tritium inventory within the
blanket is not an objective in itself since it makes the recovery at a lower
concentration more difficult and consequently leads to an increased inven-
tory in the processing unit. The minimization of the global tritium inventory
within the whole plant (blanket + processing units) is, in return, a more de-
sirable option, since it simultaneously minimizes the initial tritium provi-
sion.

The purpose of the present work is to analyse the tritium circula-
tion with a synthetic model, where the processing units for the blanket and
the plasma exhaust are characterized by a mean residence time and an inhe-
rent tritium loss accounting for the complexity of the recovery operations
and for the radioactive decay. This simplified model is applied to investi-
gate the reactor start up with a continuous or batchwise extraction : it is
able to predict, the needs for the initial tritium supply, the minimum
required breeding performance and the doubling time associated with higher
breeding ratios.

Some conclusions of interest for the blanket design studies are
summarized below :

1) Assuming a typical law of chemical exchanges to derive an expression for
the mean processing time as a function of the extracted fraction, yields the
minimum inventory in the total blanket circuit, when the mean residence
times (i-e the inventories) are about equal in the blanket and the associa-
ted processing unit.

2) Recent detailed studies of the tritium recovery units for INTOR [I] assess
mean residence times ranging from a few days to two weeks. Minimization of
the blanket circuit inventory may then be achieved by considering about the
same residence time within the blanket. For the case of liquid blankets,
this parameter can be controlled over the blanket life time by an appropriate
regulation of the breeder circulation. For the case of ceramic blankets, this
parameter depends on the nature of the breeder, on the temperature and on the
size of the elementary grain ; it is fixed once only, and cannot be adjusted
over the life time.
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3) The initial tritium supply depends closely on the fractional burn up ;
it also can be considered as proportional to the mean residence time within
the plasma exhaust and blanket processing units. It exhibits in return a
very low sensitivity to the breeding ratio. This emphasizes the need for a
quick tritium recovery to keep the doubling time within an acceptable limit
of 10 years with realistic breeding ratios (5 1.10).

4) The time after the reactor start-up, when the minimum tritium storage is
obtained (after burning the initial provision and before accumulating the
bred tritium) i proportional to the mean processing time (T) but not sensi-
tive to the breeding ratio ; it is about 5 times T in all conditions.

5) The tritium loss associated with the plasma exhaust processing, puts a
minimum requirement on the breeding ratio ; this waste must imperatively be
kept at a level of a few percent of the fractional burn up, in order to
make this requirement compatible with achievable breeding ratios (<_ 1.10).

The influence of a variable power level on the tritium extraction
from a solid blanket is examined. The use of helium versus water as coolant,
exhibits major advantages to keep the breeder in the required temperature
range for the tritium extraction. The consequences of power cycling are
investigated, with the pessimistic assumption, that the tritium is trapped
during the low power operation. The conclusions show, that compared to the
steady operation at the nominal power, the blanket inventory can be increa-
sed by the ratio of the low power operation period to the mean residence time
within the blanket (i-e by 20 to 100 Z according to the cycles considered for
the fission plants and the published ceramic data).

The above considerations prove, that the performances of the tri-
tium processing units may put severe constraints (loss of tritium and time
constants) upon the exchanges between the various tritium sources (blanket,
plasma exhaust, coolant and others) and the refueling system ; in addition,
these constraints strongly react upon the minimum required reactor charac-
teristics (breeding ratio, initial tritium supply, doubling time), that may
be unrealistic or beyond of reach for some peculiar blanket concepts or for
all of them. The analysis of these requirements can therefore be considered
as a valuable criterion for the evaluations of the candidate blanket concepts,
with respect to their possible extrapolation to the commercial power reactor.

[I] INTOR. Phase II . European contributions to the 5 workshop-meeting
(Vol. II - INTOR TRITIUM SYSTEM).

This work was performed in the frame of the European Blanket Technology
Group and received preferential support of EURATOM.
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THE EFFECTS OF TRITIUM CONTAMINATION
IN THE FED/INTOR REACTOR HALL*

P. A. Finn
Argonne National Laboratory

M. L. Rogers
Monsanto Research Corporation-Mound Facility

The purpose of this study was to determine what constraints are imposed on the
(FED/INTOR) fusion plant by tritium contamination in the reactor hall. [1]
However, to get a broad perspective, the limitations imposed by the gamma dose
levels and the maintenance philosophy adopted were included. The following
tasks were performed: (1) Tritium source terms were evaluated to determine
the average tritium leak rate undei normal, maintenance, and accident condi-
tions. (Ranges were necessary since both FED and INTOR were preconceptual
designs.) (2) Tritium concentration levels (5 uCi/m3, 50 uCi/m3, and
500 (jCi/m3) which might be maintained in the reactor building were evaluated
to determine their impact on worker efficiency, on the environment, and on
reactor availability. (3) The cost (capital and operating) required to
maintain a given tritium concentration level for different leak rates was
evaluated. (4) The consequences of a given maintenance strategy within the
above constraints were evaluated for tritium dose limitations, for gamma dose
limitations, and for reactor availability limitations.

Under normal operation, the estimated tritium leak rate was < 50 Ci/d with
most of the tritium coming from the water coolant system. During maintenance,
most systems could release > 50 Ci/d. If several systems were being serviced
simultaneously, the tritium release rate could be 103 Ci/d. Releases of up
to 105 Ci could occur as a result of an accident. An average value used to
size the atmosphere detritiation system required was 100 Ci/d. In Table 1,
the consequences of a given detritiation strategy with limited manpower and a
tritium leak rate of 100 Ci/d is presented. As seen, the capital cost of the
detritiation equipment needed to maintain levels of 5 pCi/m3 are prohibi-
tive. In Fig. 1, the time advantage achieved with the use of robotic units
immediately after reactor shutdown versus contact maintenance is shown.

The results of this study were as follows: (1) The limiter/divertor and first
wall coolant systems were separated from the blanket/shield coolant systems.
This reduced the volume containing potentially high concentration. Also, this
strategy reduced the size of the tritium removal system. (2) The largest
detritiation system was required if 5 uCi/m3 was maintained with average
tritium losses of 100 Ci/d. (3) The total cost for ten years of operation for
this detritiation system to maintain levels of 5, 50, and 500 uCi/m3 was $360,
$60, and $18 million. (4) Maintenance levels < 50 pCi/m3 did not appear
justified from cost considerations. (5) The use of bubble suits required for
extended exposures at 50 uCi/ra3 did not adversely affect reactor avail-
ability. However, it increased manpower needs by a factor of two which
increased occupational doses at the site by a factor less than or equal to
two. (6) The environmental impact from the stack release associated with a
given reactor hall tritium concentration was 0.1 to 50 Ci/d at a level of
50 yCi/ra3. (7) The gamma level contributed > 50% of the total worker dose a
day after reactor shutdown. (8) Under non-ideal conditions (limited
manpower), robotic maintenance operations achieved the design availability,
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whereas manned maintenance operations did not. (9) Under ideal conditions of
unlimited manpower, robotic maintenance as a strategy increased availability
significantly over manned operation.

Maintenance
Force

Table 1. Consequences of a Given Detritiation Strategy with
Limited Manpower and a Tritium Leak of 100 Ci/d

Concentration
(pCl/a3)

Dctrltlatlon System*
Cott

Capital
<5M)

Operating
(/

Environmental
Release
(Cl/d)

Occupational
Dose

(mrcm/d)

Maintenance
Time Required

(h)
Availability

(X)

5 nen
10 men
10 aea
5 robotic
units

5
50

500
.10

> 210
> 30
> 10
> 30

> 15

> 3

5 0.8
I 3

0.1 to 5
0.1 to 50
0.5 to 500
0.1 to 50

125
140
250

48
48
48
24

8
8
8
20

Effect of tritium soaking not considered; metallic liner assumed.
Range represents different efficiencies of ventilation systen.

500 /iCi/tn 5*

€-WORK EFFICIENCY RELATIVE TO AN
UNSUITEO WORK CREW

# -CONCENTRATION OF TRITIUM (AS HTO)
IN REACTOR BUILDING ATMOSPHERE ~

• 'INCLUDES A 24 HOUR DELAY PERIOD
AFTER SHUTDOWN FOR DECAY OF -
GAMMA BACKGROUND ANO ««IOO%

J_ I Li 1 ll I I I

Fig.
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TIME REQUtRED FOR UNSUUEO V»RK CREW TO COMPLETE
MAINTENANCE/ REPAIR, hour!

1. The effects of different maintenance strategies
on time required for task completion.
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TRITIUM MONITORING REQUIREMENTS OF FUSION REACTORS AND
ONTARIO HYDRO EXPERIENCE? A COMPARISON*

S.B. Nickerson and D.P. Dautovich, Ontario Hydro,
800 Kipling Avenue, Toronto, Ontario, M8Z 5S4

The presence of tritium in the moderator water of Ontario Hydro heavy
water CANDU nuclear reactors gives rise to the same health physics prob-
lems that will occur in D-T burning fusion ignition experiments and
fusion reactors. The tritium monitoring experience that Ontario Hydro
has gained and will continue to gain is, therefore, of considerable
use to the fusion community.

A study has been done of the tritium monitoring requirements of fusion
reactors and fusion research facilities. For health and safety reasons
there will be the need for airborne-tritium monitoring in secondary con-
tainment areas (such as glove boxes) and tertiary containment areas
(such as the fuel cycle enclosure or auxiliary service rooms). Several
types of instruments will be needed - from small personal survey meters
to large fixed area monitors. The large area monitors will have to be
able to distinguish between HT and HTO against a gamma and activated
noble gas background, in real time. The small survey meters will be
less sophisticated and less accurate since their main function is to
warn of acute leaks. There will be other health related tritium moni-
toring requirements such as surface, bulk, effluent and environmental
monitoring. Process monitoring will be required in the fuelling system,
fuel reprocessing system and systems for the recovery of tritium from
breeder materials.

A survey of commercially available tritium monitors that are suitable
for fusion facilities has been conducted. The most commonly available
commercial monitors are for area monitoring and based on ion chambers or
proportional counters. Other types of commercial monitors measure tri-
tium in liquid streams and on surfaces. A worldwide survey of tritium
instrumentation research has also been conducted. It was found that the
research is about evenly split (in quantity) between North America and
the rest of the world.

Ontario Hydro at present has installed heavy water reactors producing
5.3 GWe and plans to have installed another 8.96 GWe by 1990. Tritium
is produced in the moderator water by various mechanisms, the most
important being the neutron activation of D2O. The rate of production
is currently about 1.3 kg/year. The present concentration of tritium
in the moderator water at Pickering nuclear generating station is
30 Ci/kg and there is a theoretical equilibrium concentration of 85 Ci/

Ontario Hydro has and will continue to gain practical experience with
tritium monitoring that is applicable to fusion reactor requirements.
In Bruce 'B1 nuclear generating station (1984) there will be five air-
borne-tritium monitors, one for each reactor building and one for the
central service area. Gamma compensated ion chambers will be used and
there is discrimination against activated noble gases. Since the tri-
tium exists mainly in the oxidized form there is no need to discriminate
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between the oxidised and gaseous species.

In 1985 there will be a tritium removal system (TRS) installed at
Pickering which will extract a maximum of 4 kg/year and store it as a
tritide. Tritium removal systems will subsequently be built for other
generating stations as well. The tritium will be present in the TRS
in the form of an oxide, gas or a tritide. The tritides can be filtered
out so the area monitors will have to be able to distinguish between the
gaseous and oxide forms in the presence of a gamma background, in real
time. A monitor that can do this has.been developed at Chalk River
Nuclear Laboratories based on the properties of the polymer Nafion
(DuPont). Chalk River Nuclear Laboratories has also developed a small
portable (1 kg) survey monitor for use in the nuclear generating stations
and the TRS. It is gamma compensated (dual ion chambers) and capable of
measuring down to 10 JiCi/m3. Licensing arrangements have been made with
a manufacturer (Scintrex) and it will soon be available commercially.

In summary, this paper presents a comparison between the tritium moni-
toring experience at Ontario Hydro and the tritium monitoring require-
ments of D-T burning fusion ignition experiments and fusion reactors.
Also given are the results of a survey of commercially available tritium
monitors and current research programs.

*This work has been sponsored by the Canadian Fusion Fuel Technology
Project

40



TRITIUM MONITORING WITHIN THE REACTOR HALL OF A DT FUSION REACTOR

Roland A. Jalbert
Los Alamos National Laboratory

Los Alamos, New Mexico

Active monitoring for tritium releases within the reactor hall of a DT-
fueled fusion reactor is very desirable since early detection of a release
may lead to correction or control of the problem before (further) damage is
done and/or additional tritium is released. Chronic releases expected
within the reactor hall are still another reason for having continuous
active monitoring of the room atmosphere.

To be monitored are the atmosphere within the inner radiation shield
immediately surrounding the reactor and the atmosphere outside of the
shield but still within the reactor hall. The atmosphere within the shield
(assumed to be air) is subject .to Lrutense average neutron fluxes with
resultant high concentrations of N, N, and Ar. Outside of the shield
the average concentrations from direct activation are expected to be three
or more orders of magnitude lower, depending on the design of the shield
and the dimensions of the reactor hall. If the air within the shield is
ventilated to, and mixed.with, thje rest of the reactor hall air, the
average concentrations of N and Ar would be higher by factors related
to the volumes involved and the ventilation scenario.

For purpos^ of illustration, the maximum average concentrations of N,
N, and Ar expected within the shield and remaining reactor hall of

TFTR, assuming no ventilation, are given in the table that follows.

MAXIMUM CONCENTRATIONS AT TFTR (PCi/m3)

Inner Shield

Reactor Hall

1
100

1
100

shot
shots/8

shot
shots/8

hrs

hrs

2.0
2.0

390
390

16N

x 10,
x 10

1.5
5.2

2.2
7.4

I3N

x 10j.
x 10

IT

3.3
100

7.2
2.2

!Ar

x 10~^
x 10

At a next generation reactor like a FED or INTOR, the concentrations will
be higher—at least within the shield—the extent depending on the fluence
per pulse and the pulse rate.

To avoid damage to the instruments and activation of the detectors, tritium
monitors will of necessity be located outside of the inner shield at some
distance from the reactor and the sampling within the shield done by hoses
(̂ 2<j>g ft. long in the case of TFTR). This would enable the concentration
of N (with its 7s half-life) to decay to a,more manageable level at the
detector. However, the concentrations of °N and rAr will continue to
rise witj^that of N (10 min half-life) leveling off within an hour and
that of Ar (110 min half-life), within a working day.
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Conventional tritium monitors for room air use flow-through ionization
chambers which do not discriminate between different radioactive gases.
Thus a tritium release immediately following or during operation of the
reactor would be impossible to detect with such instruments unless it was
sufficiently large to be easily and unmistakenly detected above the b.-ok-
ground of activated air. Two instruments that may be considered for moni-
toring room air for tritium in a background of N/ Ar are the
proportional counter and the recently developed concentric double-chamber
tritium monitor.

Proportional counters employ guard chambers and coincidence/anti-coinci-
dence circuitry for discriminating against high energy beta emitters.
Although having high sensitivity, they have a number of drawbacks including
cost and complexity and a requirement for a continuous supply of counting
gas. They might be. considered for stack montoring if high sensitivity is
desired (<0.1 yCi/m ) but because of saturation problems, these instruments
would be unsuitable for monitoring high concentrations of tritium or in
high concentrations of background gases.

The double-ion-chamber monitor is an instrument using current subtraction
to achieve discrimination.' It was conceived and developed at the Los
Alamos National Laboratory and recently tested at the RTNS-2 facility at
the Lawrence Livermore National Laboratory. Measurements at Los Alamos and
Livermore confirmed its predicted detection limit (for tritium) of less
than \£cf pCi/m where C is the concentration of the contaminant gas in
pCi/m . Its maximum,sensitivity is that of conventional ion chamber
instruments (1-2 tiCi/m ).

Another technique that has potential for DT-burning fusion reactors is pre-
sently under development at the Chalk River Nuclear Laboratories and the
Argonne National Laboratory. The technqiue uses semipermeable membranes to
separate and thus differentially monitor HT and HTO. Neither of the two
approaches described earlier lends itself easily to permit discrimination
between the two common species of tritium (HT and HTO). However, it should
be possible with semipermeable membranes to be able to accomplish both
objectives of discriminating between HT, HTO, and the background gases.
This is contingent on low permeabilities of Ar and the radioactive
nitrogen gases in the membrane. Preliminary measurements of these
permeabilities have been encouraging but more work needs to be done.

This work was sponsored by the Department of Energy, Office of Fusion
Energy.
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RADIATION CATALYZED CONVERSION OF TRITIUM GAS TO TRITIATED WATER*

+ | |
Clay E. Easterly and M. R, Bennett

Health and Safety Research Division
I j
Chemistry Division

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Conversion of tritium gas (T2) to tritiated water (T2O) is of importance
because of the increased biological hazard of the water form; tritiated
water is taken up by the body approximately 10,000 times more efficiently
than in the gaseous form. The overall process for forming tritiated
water is known to be influenced by many factors such as tritium concentra-
tion, the radiation environment, the reacting gas mixture, temperature,
and the materials in contact with the tritium. The conversion process
is actually the result of many different reactions each of which may be
influenced differently by the factors mentioned. However, the degree of
dependence on these factors is not known with adequate certainty over
the range of importance to fusion for any of these variables. The
present paper contains results of work done to characterize radiation
catalyzed formation of tritiated water in dry and moist air starting
with tritium concentrations which might occur in an unplanned incident,
i.e., yielding air concentrations of .0.1 to 1 Ci/m3.

Experiments were performed by filling glass reaction flasks with tritium
gas, backfilling with air and irradiating the gas mixture. The amount
of tritiated water formed was determined by collecting and assaying the
tritiated water. Two types of radiation fields were used: (1) the
neutron-gamma field of a bare core fission reactor and (2) a pure gamma
field from 60Co. The first approximates a partially slowed down fusion
neutron flux (plus the y-rays which would be present due to the decay of
activated materials) while the second approximates conditions which
would prevail when the reactor is not operating but decay of activation
products is occurring.

For both radiation types, there appears to exist a radiation "steady
state" conversion level. This level, approximately 1% conversion of T2
to T2O, using dry air mixtures, occurs at a total dose of approximately
2000 rads for both radiation fields and appears to be nearly independent
of exposure rate. The use of moist air at about 100% relative humidity
increases the conversion by about a factor of 2. Radiation, then does
not act merely as a catalyst for inducing the reaction

T2 + 1/2 02 •> T20

since normal, unirradiated room temperature kinetics would drive the
reaction to nearly 100% completion.

Research supported by the Fusion Safety Program, EG&G Idaho under Union
Carbide Corporation contract W-7405-eng-26 with the U.S. Department of
Energy.
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The extent of conversion has been found to be linear with deposited
energy only for a low amount of total absorbed energy (low dose).
Between 0 and 500 rads, the fraction of T2 converted to T2O is approxi-
mately linear and consistent with theoretical relationships relating
number of ion-pairs produced with number of water molecules formed.
However, above about 2,000 rads for neutron exposures, the amount of
tritiated water produced decreases with increasing total dose to less
than 0.1% of the available tritium. With gamma rays, the amount of
water produced above 2,000 rads is nearly independent of dose.

For tritium-in-air concentrations in the range of 0.1 to 1 Ci/m3,
a tentative relationship between water formed under 60Co irradiation and
dose or dose rate is given by

[T20] = 0.01 x [T 2] o (1 e"
A " D) ,

where [T2] is the initial concentration of tritium in air. For a fixed
total dose°in the range of 2,000 rads, I) is dose rate and A - 0.0014.
For a fixed dose rate in the range of 6,000 rads/hr, JD is total dose and
Â  * 0.0009. These unexpected results have several interesting applications.
The first is related to the form of tritium (hence potential hazard) to
which operational personnel may be exposed or which may be released
under accident conditions. The second is related to the form of tritium
likely to be present within blanket structures containing oxygen-bearing
breeding materials.
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TRITIUM REMOVAL FROM CONTAMINATED WATER VIA INFRARED LASER MULTIPLE-
PHOTON DISSOCIATION J. L. Maienschein, F. Kagnotta, I. P. Herman, F. T.
Aldridge, and P. Hsiao, University of California, Lawrence Liveroore
National Laboratory, P. 0. Box 808, Livemore, California 94550. Laser
isotope separation offers a novel way to recover tritium from the
contaminated light or heavy water found in fission and fusion reactors.
We are presently examining tritium-from-deuterium recovery because the
7 ppm T/D concentration of DTO in D2O presently found in active heavy
water fission reactors (e.g., Savannah River) is higher than desirable.
There is also interest in T/H recovery at LLNL, as well as elsewhere.

The overall cycle of the process under investigation entails initial
tritiation of the fully deuterated working molecule, chloroform, by
catalyzed chemical exchange with the contaminated heavy water, followed by
isotopically-selective, room temperature, sas phase, pulsed infrared laser
multiple-photon dissociation (MPD) of only tritiated chloroform
molecules. In the MPD interaction, the resonant molecule absorbs 30 or
more infrared quanta and then dissociates. The tritium-enriched
photoproducts are easily removed from the reactant mainstream by physical
separation means. Then, the cycle continues with retritiation of the
photochemically-detritiated working molecule.

Chloroform is photochemically well-suited for this process. In studies of
12 yra NH3 laser MPD of 200 ppm CTCI3/CDCI3 mixtures, we have
measured a lower limit to the single-step T/D enrichment factor of 165.
The low fluence optical absorption selectivity at 12 pm is >6500.

We have begun engineering analysis of the overall process. As part of
this study, we have measured the rate of exchange and equilibrium constant
for base-catalyzed T/D exchange in CDCI3/DTO mixtures.

We will present a more detailed account of our recent accomplishments
along with program goals.

*This work was performed under the auspices of the U.S. Department of
Energy by Lawrence Livermore Laboratory under contract No. W-7405-Eng-48.
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A PROGRAM FOR CALCULATING FORCES ON LIMITER & FIRST WALL DUE TO PLASMA
DISRUPTION*

M. H. Foss, Argonne National Laboratory

A disruption is represented by a plasma current which decreases linearly with
time but does not change position. The poloidal field coils carry currents
which are not altered by the disruption and the toroidal field is assumed to
be inversely proportional to radius.

The conducting elements in the first wall and limiter are represented by
circular wires. Each wire represents an arbitrary portion of the limiter or
first wall. The self inductance is calculated from the size of the piece, and
the resistance from the amount of conductor and circumference.

To perform the calculations, time is divided into suitable steps. The current
in each wire at the next time step is calculated from the applied voltages and
the inverse of the mutual inductance matrix. The applied voltages are those
due to the plasma disruption and the resistive losses in the wires. If
desired an extra bucking voltage may be applied to all of the limiter wires so
that the sum of the limiter currents is zero. This is used to represent a
liroAter with a single radial cut. These equations are unstable for large time
steps. The stability is improved by correcting for the change in resistive
drop during r> time step.

Tabulated and graphic results are produced.

* Work supported by the U.S. Department of Energy
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FAST ALPHA DIFFUSION AND THERMALIZATION IN TOKAMAK REACTORS*

S. E. Attenberger and W. A. Houlberg
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Radial diffusion of the fast alpha particles during thermalization can be
an important consideration in assessing fusion reactor performance.
Classical thermalization leads to a fast alpha density profile, nfa, which

is strongly peaked on axis since the source profile, S a « n
2<av>, and the

thermalization time, tgp « T3/2/n, both increase toward the plasma center

giving n f a <* S aT S D. Even a small radial diffusion coefficient, when

combined with the large gradients of n f a in the plasma core, can produce a

significant radial flux and broaden the heating profile.

A multi-energy group radial diffusion model for the fast alphas can be
coupled to the usual set of fluid transport equations to examine the
sensitivity to diffusion and thermalization processes. Let n . designate

the fast alpha density in energy group j. Neglecting upscattering events,
the continuity equations for the highest (j = 1) and lower (j > 2) energy
groups can be written as:

where

_L + J_
_cl TanTsj Tsj

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.
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is the time for a particle in energy group j to downscatter to group j+1.

For collisional energy relaxation, T£J, is only a function of the

background plasma parameters and the energy interval around Ej, i.e.,

interactions between fast alpha particles can be neglected. Anomalous
energy relaxation processes are represented by the terms involving T|J.
The simplest form for the particle flux is to assume that the main driving
term for raj is the density gradient for that energy group, then:

Evolution of the fast alpha energy and spatial distribution is followed in
each of the following applications.

We first examine the effects of fast alpha diffusion in terms of an energy
independent diffusion coefficient, D ^ = D^, and find that values
comparable to the diffusion of thermal species (D = 5000 cm2/s) can lead
to significant broadening of the alpha heating profile if the energy
relaxation remains classical. Anomalous thermalization processes are
shown to reduce the sensitivity to radial diffusion losses by reducing the
fast alpha population and are also expected to lead to greater energy
transfer to the thermal ions.

Physical models for ripple diffusion and low mode number Alfve"n modes are
then analyzed. Both lead to significant broadening of the heating profile
when coupled to classical therrnalization. The ripple diffusion process
leads to a loss of banana-trapped particles with the diffusion coefficient
increasing as v^. Since the energy relaxation can still be classical,
this model leads to the most serious losses. One moderating factor is
that the fraction of fast alpha particles which are on banana-trapped
orbits vanishes at the plasma center where the source strength is at a
maximum.
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CONTROL FOR FUSION THERMAL STABILITY*

I* Maya, General Atomic Company, San Diego, CA
H. D. Campbell, Dept. of Nuclear Engineering, U. of Florida, Gainesville, FL

A review of the literature on the problem of fusion thermal stability shows
that many control mechanisms have been proposed, implemented and analyzed
which permit operation of the plasma thermal balance in otherwise unstable
temperature regimes (e.g., Refs. 1 through 5). Though these control mech-
anisms can achieve the goal of stabilizing the thermal balance, the issues
of overall system response have not been addressed. Certainly stability is
a necessary condition for operation, but perturbations in component parts
and system disturbances will additionally require that the integrated system
possess certain desirable characteristics and properties, such as acceptable
overshoot, adequate speed of response, etc.

A formal classical control theory formulation of the thermal stability
problem has been performed which extends the application of control theory
beyond a simple eigenvalue or roots of the characteristic equation analysis.
The present formulation duplicates previous work*>2 on the determination of
the critical temperature for the onset of thermal instability with good
agreement. In addition to determining the stability of the system, the
extended analysis has resulted in the evaluation of the response character-
istics of the thermal balance of a fusioning plasma as a control system.

A model of the fusioning plasma thermal balance was developed and cast in the
form of a classical second order system, and analytical expressions for the
system characteristics and specifications were derived in terms of the plasma
conditions. Expressions were derived for the system characteristics of gain,
natural frequencies, damping ratio, and damping factor. Expressions were also
derived for the system specifications of time-to-peak, peak overshoot, set-
tling time, etc. These were evaluated for the cases of no neutral beam injec-
tion and 75 keV neutral beam injection, for constant and inverse-temperature
transport laws. Only the Bohm-like transport results are presented herein.

By observing the behavior of the poles of the system (similarly to Ref. 3),
the critical temperature for thermal stability was found to be 14 keV with
no neutral beam injection and 10 keV with 75 keV injection. The natural
frequency of the thermal balance was determined to be in the range of 0.05
to 0.3 sec"*, corresponding to a time scale for thermal response on the
order of 3 to 20 seconds. The actual frequency of oscillations is dependent
on the damping modes. For no neutral beam injection energy, the system is
underdamped in the vicinity of the critical temperature, increasing with
temperature to the range of 0.5 to 0.6 above 30 keV. With 75 keV injection,
the system damping increases sharply with temperature, becoming greater than
1.0 (overdamped) above 20 keV.

The effect of the system characteristics on the performance of the open-loop
thermal balance was evaluated via the system specifications. With no neutral

*Work performed at Univ. of Fl. as part of author's doctoral dissertation.
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beam injection, the system exhibits unacceptably high overshoot (generally
greater than 25%) for all temperatures of interest in the range of 14 to
40 keV. The speed of response is also poor, with a time-to-peak of 15 to 20
sec and a setting time to 5% of the final value in 30 to 60 sec. With 75 keV
injection energy, acceptable overshoot is found starting at 15 keV, with
accompanying settling times of less than 30 seconds.

Though the system response is improved via the use of injection energy,
the response can be further improved through the use of closed-loop feedback
control. Other advantages to the use of closed-loop feedback include its
powerful stabilizing action, and its reduction of the system sensitivity to
external perturbations. Thus, these improvements were investigated for
proportional feedback using the fuel feedrate and injection energy.

With proportional closed-loop feedback, the critical temperature decreases'
to 11 keV with no neutral beam injection, and to the ignition temperature,
5 keV, with 75 keV injection. The feedback fractions can be used to vary
the natural frequency by factors of 3 to 5 over the open-loop values, and
essentially any damping ratio from 0 to 1 can be obtained by proper selec-
tion of the feedback coefficients. A broad range of control over the system
performance is thus available. The high overshoots present in open-loop
operation with zero injection can be reduced to acceptable levels at temper-
atures as low as 20 keV, with a simultaneous decrease in the settling time
to under 30 seconds. With 75 keV injection, acceptable overshoot can be
obtained at temperatures as low as 10 keV, with the time-to-peak below 20
seconds and settling times less than 30 seconds.

In conclusion, this work represents an anlysis of the thermal balance of a
fusioning plasma from a control system aspect. The response of the thermal
balance has been evaluated using standard inputs, and the results show that
a stable equilibrium may possess response characteristics which may be unac-
ceptable in the presence of perturbation that are an inherent part of real-
world systems. The results also demonstrate the significant improvements in
system response that are possible using closed-loop feedback. It is recom-
mended that the radiation enhanced control used in Ref. 4 to achieve a
stable operating point, and the promising ripple-transport control mechanism
proposed in Ref. 5 be analyzed using control theory methodology to ensure
acceptable temporal behavior of the plasma output power.

References
1. Mills, R. G., "The Problem of Control of Thermonuclear Reactors," Proc.

of Symp. on Engineering Problems of Fusion Research, April 1969.
2. Ohta, M., et al., "Thermal Instability and Control of Fusion Reactor,"

Fourth Int. Conf. on Plasma Physics and Fusion Research, 1971.
3. Stacey, W. M., Jr., "Operating Regions of Controlled Thermonuclear

Reactors and Stability Against Fundamental-Mode Excursions in Particle
Densities and Temperatures," Nuclear Fusion 13, 1973, pp. 843-861.

4. Baker, C. C , et al., "STARFIRE - A Commercial Tokamak Fusion Power Plant
Study," Argonne National Laboratory Report, ANL/FPP-80-1, Chapter 6.

5. Petrie, T. W., and J. M. Rawls, "Burn Control Resulting from Toroidal
Field Ripple," Nuclear Fusion 20, No. 4, 1980.

54



PRELIMINARY TEMPERATURE PROFILES ON THE PflX INNER TOROIDAL LII1ITER

M. Ulrickson and H. W. Kugel, Princeton University

The temperature profiles which result from plasma operation on the PDX inner
toroidal limiter have been measured during both ohraic and neutral beam heated
discharges. The temperatures were measured using an infrared camera (Infra-
metrics model 310), which operates in two wavelength ranges, 3-5y and 8-12\i.
The device was used in a line scan mode where the temperature along a single
line is recorded. The time response of the system is about 125ys, and a scan
was taken every 3 msec. The camera was calibrated using standard black-
body sources. The emissivity of the limiter surface was determined by uni-
formly heating the limiter and comparing the camera signal to the limiter
thermocouple signals. It was found that the emissivity was different for the
two wavelength bands.

A typical temperature profile, following a A.I vsn neutral beam heated discharge,
is shown in Figure 1A. The shift of the thermal pattern below the midplane
(distance = 0 is the midplane in Figure 1) is unexplained at this time. The
assymetry of the two peaks may be due to the directed momentum of the beam
particles, but additional studies are needed to confirm this hypothesis. The
asymmetry is only seen following neutral beam shots. Figure IB shows the
temperature profile following a minor disruption for an OH heated discharge.
Note that the deposition is still shifted down, but the peaks are nearly
symmetrical. The profiles of power deposition remain to be determined, but
the temperatures are consistent with 25 to 50% of the input power going to the
limiter.

If the power flow to the liniter is assumed to be according to the model of
Schmidt , then the separation of the peaks is a measure of the scrapeoff thick-
ness (the downward shift must be ignored). The inferred scrapeoff lengths are
A= 1.0cm for the neutral beam discharge, and ^=0.5cm for the disruption. These
values are consistent with other measurements'^ made on PDX. It should also be
noted that some single peaked deposition profiles are observed to precede and
to succeed the double peaked deposition profiles observed for disruptions.
Recent results will be presented.

References

1. J. Schmidt, Comments on Plasma Physics and Controlled Fusion .5, 225 (1980).

2. D. M. Manos, R. Budny, T. Satake, S. A. Cohen, presented at the 5th
International Conference on Plasma Wall Interactions, Gatlinburg, Tennessee
(1982).

*
Work supported by U.S.D.O.E. Contract DE-AC02-76-CH03073.
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PARAMETRIC STUDY OF LH CURRENT DRIVE IN FED-A DESIGN

H. Iida1, D. A. Ehst2 and Y-k. M. Peng3

-.. Division of Large Tokamak Development,Japan Atomic Energy Research Institute
2. Fusion Power Program, Argonne National Laboratory
3. Fusion Engineering Design Center, Oak Ridge National Laboratory

In the design of FED-A (1), quasi-steady state operation concept is conceived
in which the plasma current is generated by the transformer coil in the
burning phase and by the lower hybrid wave in the transformer-recharging
phase. Parametric study was made to obtain optimum plasma and wave
parameters in the recharging phase.

The following items are taken as essential for deciding optimum parameters.
1. The same level of plasma current as in the burning phase (4.1 MA) must be

sustained in the recharging phase. Since recharging of transformer coil
causes anti-plasma current, a little larger level of plasma current than
in the burning phase should be generated by the rf wave.

2. The profile of the generated current distribution must be centrally
peaked in order to avoid the tearing mode instability.

3. The current drive efficiency, which is defined as the ratio of the
induced current to the input wave power, should be maximized.

Infinite cylindrical plasma model and cold plasma dispersion relation are
employed for wave accessibility calculation. Absorption of wave energy
and momentum is estimated following N. J. Fisch's quasi-linear formulation
(2),(3). The quasi-linear diffusion coefficient is assumed to be constant
in a certain range of wave phase velosity (the width of wave spectrum).

The following conclusions are obtained.
1. There is a current saturation when rf wave power increases. In order

to avoid a hollow current distribution we should choose the rf power
level which gives current saturation.

2. Higher saturation current requires higher plasma density and larger
value of nj| (parallel index of refraction), while higher current
drive efficiency requires lower density and smaller n(|. The optimum
plasma density and n(| are determined so that the saturation current
reaches tot\> 5MA and the efficiency is maximized.

3. The saturation current is very sensitive to the width of wave
spectrum. Wider width gives higher saturation current allowing us
to choose lower plasma density which leads to the higher current
drive efficiency. Efficient shaping of wave spectrum will be
important for the effective current drive.
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HYBRID REACTOR DEVELOPMENT PLANNING

D. H. Berwald, R. Campbell, S. Freije, J. K. Garner, S. L. Salem,
W. G. Steele, R. H. Whitley, TRW Energy Development Group

The goals of EPRI's Alternative Technological Pathways Program involve
the definition of integrated development plans for fusion-fission hybird
applications and a comparison of the hybrid development plans with a
similar set of plans for fusion electric applications. The overall study
encompasses three fusion drivers (tokamak, tandem mirror, and light ion
ICF) and two generic types of hybrid blankets (fast fission and suppressed
fission). TRW is investigating the tandem mirror and light ion drivers.
Westinghouse, in a companion contract, is investigating tokamak drivers.

A principal focal point of the study is the definition of hybrid
engineering test reactors (HETR) to operate in the early-to-mid 1990's.
The HETR requirements are based upon the testing of key blanket and fuel
cycle technologies to be used in a hybrid demonstration reactor plant to
be constructed after the HETR. As a design basis, the HETR concept is
based upon reasonable scaling of demonstrated fusion technologies and on
plasma performance to be demonstrated in currently committed experimental
facilities.

Importantly, it is not required that the HETR be the sole facility leading
to the demonstration plant. Specifically, the HETR could provide a nuclear
testing capability with concurrent experience in the operation of D-T fueled
systems. Parallel advances in plasma engineering and reactor scale fusion
driver technologies could be provided in facilities fueled by D-D or
hydrogen. In its most ambitious form, an HETR for nuclear testing would
provide sufficient neutron flux and fluence over a large enough area to
enable low risk scaling of blanket technologies tested on the HETR to
demonstration and commercial scale operation.

The above perspective on hybrid development can be illustrated using our
baseline case, the reference tandem mirror hybrid reactor developed as
part of the FY81 DOE Fusion Breeder Program. The reference blanket, also
presented at this meeting (1), is constructed of ferritic steel (HT-9) and
functions in the suppressed fission mode with beryllium as the non-fissioning
neutron multiplier and liquid lithium as the coolant.

The nuclear test requirements of the reference blanket are shown in Table 1.
These are broken into eight categories of increasing difficulty with
respect to the required flux, test volume, and fluence. The key nuclear
facilities shown indicate the type of facility which is required to provide
a substantial portion of the required data in a given test category. Host
Importantly, the long term integrated tests and structural lifetime tests
which are required for low risk demonstration reactor operation cannot be
provided except in a fusion reactor. The choice, then, is to provide this
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TABLE 1. Nuclear Test Requirements Categories

CATEGORY

1. NEUTRONWS

II . TRITIUM BREEDING/EXTRACTION

II I . FUEL CYCLE EQUILIBRIUM

IV. IRRADIATION CHEMISTRY

V. IRRADIATION DAMAGE/BASIC OATA

VI. THERMAL-HYDRAULIC
THERMAL -MECHANICAL

VI I . INTEGRATED MANKET QUALIFICATION

VI I I . LIFETIME TESTING FOR BLANKET STRUCTURE

W FOR DEMO (CONFIRMATION!

(M FOR PROTOTYPE

NC - NOT CRITICAL PARAMETER

EQUIVALENT FUSION ENVIRONMENT
REQUIRED

MMV
NEUTRON

WALL
LOADING

NC

> U

£0*

COS

NC

> 0 J

21.0

IV
IV

to
 to

TEST LENGTH

ANOSOK
DUTY FACTOR

FLUENCE
PER RUN

i -»* ~»«-io*

HO0-10,000 hr ~0.1-1

1000-10^00* -0 .1-1

• -Myf - i - M

0.1-ilw NC

1-Oyf - 1 - 1

~4yf ~3
~S»f ~*

KEY
NUCLEAR
FACILITY

POINT D-T
SOURCE

FISSION T E H
REACTOR

FISSION TEST
REACTOR

FISSION TEST
REACTOR

ACCELERATOR

SOURCE

FUSION
REACTOR

FUSION
REACTOR

FUSION
REACTOR

capability in a small, low Q, driven facility (cost ^$1B) which could
operate in the early 1990's, or to omit such a facility and plan a larger
step, directly towards an integrated, multi-purpose demonstration reactor
(cost ^$2-3B).

In the case of the tandem mirror, we have identified an HETR candidate
based upon Kelley mode operation of an axi-cell configuration (2) with a
microstable end plug plasma. The above physics basis is expected to be
demonstrated in the very near future by operation of the TMX-U experiment
at LLNL. The following performance should be achievable prior to 1993 given
a decision to fund in 1988: Fusion Power * 30 MW, Plasma Q « 0.6, First Wall
Radius « 50 cm, Neutron Wall Load • 1.1 MW/m2, Lifetime Fluence ^7MW-yr-m2,
Duty Factor *\»50Z, Direct Cost ^700 $M.

To achieve the above performance the principal developmental items will be
steady state (-MOOGHz, 200 KW) gyrotron tubes, 15T hybrid coils (Nb-Sn+Cu),
and continuous cryopumping technologies.
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A COMPARISON OF FUSION BREEDER/FISSION CLIENT ANO
FISSION BREEDER/FISSION CLIENT SYSTEMS FOR ELECTRICAL ENERGY PRODUCTION

R. J. Land and T. A. Parish
Nuclear Engineering Department

Texas ASM University
College Station, Texas

Demand for fissile fuel will continue to increase as LWR's are deployed
throughout the world. LMFBR's offer one possible solution to a fissile fuel
shortage. Fusion-based fissile fuel breeders may also have the capacity
to mitigate fissile fuel shortages; however, they would probably not be
deployable in as short a time frame as LMFBR's. If either LMFBR's or fusion
breeders are developed and deployed, then there will almost certainly be a
transitional phase during which the powar industry will consist of both
fissile producing breeders and fissile consuming clients (for example
LWR's). The economics of these breeder-client systems are the subject of
this study.

A system analysis approach was used to evaluate the performance of
breeder-client systems. The systems were analyzed by extending a previously
reported model to allow fissile fuel to be loaded to the breeder and to
improve the computation of finance charges for fissile fuel*. In the model,
the breeders and the clients are coupled using the stockpile approach to
determine the system doubling time.

Since the actual capital costs of the breeders (LMFBR'or DT fusion reactors)
are uncertain, a precise prediction of the cost of a breeder was not
attempted. Instead, the maximum allowed capital cost of the breeders
(relative to the capital cost of the clients) was determined. The allowed
capital cost of the breeder was established by equating the cost of
electricity from the breeder-client system to the cost of electricity from a
system consisting of clients alone with fuel supplied from a conventional
source. A convenient figure of merit, the breakeven capital cost ratio,
emerges as the ratio of the capital cost of the breeder to the capital cost
of the client (on a per unit electrical power basis). Since a fusionbreeder
could possibly be a net electricity consumer (the quality of plasma
confinement is uncertain and costs tend to scale more closely with the
thermal output of the fusion devices),the capital cost ratio was converted
to a per unit thermal power basis. According to the aiodel, the cost of
electricity from both the breeder and client reactors is assumed to have
four components; these are 1) capital costs, 2) fuel costs, 3) operation and
maintenance costs, and 4) stockpile finance charges.

The economic analysis was performed on two breeder-client systems. The
first consisted of an LMFBR with LWR clients. The LMFBR was assumed to
employ a Pu-U fuel cycle with a heterogeneous core design and the LWR
clients were taken to operate with Pu recycle2. The second system consisted
of a D-T fusion device with a U 2 3 8 fission suppressed blanket and LWR
clients employing Pu recycle. The economics of each system was studied as a
function of the cost of conventional fissile fuel. Low, medium, and high
costs were used; these were 10%, 20%, and 30% of the client capital costs.
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The LMFBR-LWR system achieved relatively small breakeven capital cost ratios
(thermal power basis), the maximum ratio was approximately 2.2 (achieved for the
highest conventional fissile cost). The relatively poor economic performance 1s
primarily attributed to the large energy release per excess fissile atom produced.
Even with the relatively poor economic performance of this system, it probably
remains a viable choice since the technological problems associated with 1t have
been solved.

The D-T reactor-LWR system attained a maximum breakeven capital cost ratio
(thermal power basis) of 4.5. The DT fusion breeder does have the disadvantage of
requiring a plasma quality of approximately three before it becomes a net
electricity producer. If the technological problems associated with OT fusion
devices can be solved sufficiently to achieve relatively large Q values (>5), this
system appears to be an interesting option for the middle to long term (25-50
years) energy requirements.
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AQUEOUS SLURRIES CONTAINING
THORIUM OXIDE AS BLANKETS
IN FISSILE FUEL PRODUCING

FUSION REACTORS

T.C. Geer and T.A. Parish
Nuclear Engineering Department

Texas A&M University
College Station, Texas

Fissile fuel producing blankets employing aqueous slurries have been
investigated for application to both D-D and D-T fusion reactors. The
purpose of the study was 1) to determine whether this concept is
neutronically feasible and 2) to ascertain the attractiveness of this
type of blanket relative to other fissile fuel producing bankets (for
example molten salts) that have been proposed.

In the aqueous slurry concept, the blanket of the reactor is taken to
consist of a flowing mixture of heavy water and thorium oxide. The
thorium oxide is assumed to occupy only a few percent of the mixture's
volume, and it is assumed to be in the form of microspheres with
diameters of approximately 5 microns1. Neutronic evaluations of the
slurry blanket concept have been carried out for both D-D and D-T fusion
reactors2. The quantities determined were the optimum amount of Th£O in
the slurry, the number of fissile atoms produced per fusion neutron, the
fission rate, and the irradiation time before reprocessing to recover the
233 ancj 233

The neutronic calculations were performed using cross sections collapsed
from the VITAMIN-C package and the XSDRNPM computer code"5. The
blanket layout for the D-D reactor was as follows: 1) a 2cm thick vacuum
wall made of Zircaloy, 2) a 100cm thick region containing the slurry (95%
by volume) and Zircaloy (5% by volume), and 3) a 25cm thick graphite
reflector. For the D-T reactor, this blanket was modified to include a
neutron multiplying region located immediately after the vacuum wall.
The neutron multiplying region was 10cm thick and contained beryllium
(75% by volume), slurry {20% by volume), and Zircaloy (5% by volume).
The concentration of the ThO2 ™ tne slurry was varied from 50 to 1000
grams per liter for both blankets.

The optimum ThOg concentration for both the D-D and D-T blankets was
found to be approximately 300 grams per liter. For the D-D blanket the
number of fissile atoms bred per fusion neutron was determined to be
.95. No tritium was bred in the D-T blanket end the number of fissile
atoms produced per fusion neutron was found to be 1.45. In the D-T
blanket, the additional fissile production was achieved by virtue of the
(n,2n) reactions in beryllium. The fissile production ratio (1.45) is
adequate to replenish the fusion reactor's tritium supply only if the
LWR's that are supplied with fissile fuel can produce tritium at a rate
greater than .66 tritons per fissile atom consumed. It was also
determined that an irradiation period of 5-6 days would allow the ?33pa



concentration in the thorium to rise to .2 atom per cent while the
fission rate (from both 232Th and 2 3 3U) was maintained at less than .01
fissions per fusion neutron.
The success of this study Indicates that the slurry concept warrants
further investigation. It Is also conceivable that tritium could be
produced in the aqueous slurry by Including solid lithum compounds, in
addition to the ThO2» *n the slurry's solid component.
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TRITIUM ASSISTED DEUTERIUM BASED FUSION BREEDERS

by

Ehud Greenspan and G. H. Mi ley
Fusion Studies Laboratory
University of Illinois
103 S. Goodwin Avenue

Urbana, IL 61820

This study investigates the economic prospects of T-assisted D-based
Fusion Breeders (FB's) in comparison with a "conventional" D-T FB. The
D-based driver uses the Tritium - Catalyzed-Deuterium (TCD) mode of
operation") where the 3He leaking out from the plasma is converted
into T in the blanket (by neutron capture). The T produced is then added
back to the plasma. TCD operation is selected because it offers a
significantly higher neutron yield and support-ratio than the "standard"
Catalyzed-D. It offers also higher neutron yield and better plasma energy
balance than the "standard" Semi-Catalyzed-D mode.H).

The DT and TCD FB's are based on the STARFIRE^2) and
WILDCAT'3) designs, respectively. The capital costs of the FB's are
estimated by scaling the cost of pertinent components of these base designs
to account for the fissile-fuel producing blanket and for differences in
power levels and recirculating power requirements. To avoid an
economy-of-scale bias, the D-T FB power is reduced -15%.

The properties of the TCD driver are scaled from the WILDCAT Cat-D
plasma using a simple 0-D plasma particle and energy balance model. The
TCD WILDCAT is designed to have the same confinement conditions (nx, B, 6,
and T) as the Cat-D version. The resulting TCD plasma has a Q of ~9 vs.
24 for the D-T case, requiring an increase in RF heating from 90 to 300
MW.

The blankets considered for the D-T and TCD FB's are modelled after
the Be/Th0/Li20 fission suppressed blanket benchmark of Ref. 4.
Using the LLNL design parameters, the optimal cone"ntration of the blanket
constitutents was determined for each of the fusion drivers. The resulting
TCD F/M is~65% higher than that of the D-T driven blanket.

Selected characteristics of the D-T and TCD FB's are summarized in
Table 1. The fissile fuel production rate of the TCD FB's is 50% higher
than that of the D-T FB, but its electricity (net) production rate is ~13%
lower (due to enhanced plasma heating requirements) and its capital cost is
~ 40% higher (due, primarily, to the larger size of the WILDCAT driver).

Two economic figure-of-merits are considered: (1) The ratio of the
net annual income to the total annual costs, where the income comes from
the sale of electricity and fissile fuel at their market value, (2) the
fissile fuel production costs in the FB - obtained by crediting the FB for
the sale of electricity (at the market value) and charging against the
fissile fuel the remaining cost of running the FB plus the fuel
reprocessing and refabrication costs.
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Even though the economics of the TCD FB's appears (see Table 1) does not
surpass that of the D-T FB's, we believe that T-assisted D-based FB's have the
prospect of becoming more attractive than D-T FB's as their performance
is improved by designs with more compact, higher power density fusion drivers.
Additional merits of the T-assisted D-based FB's are a significantly higher
(~50%) support ratio and a source of 3He for future D-̂ He fusion
reactors.'5)

TABLE 1.

Parameter

CHARACTERISTICS OF THE D-T AND

D-T"

TCD FUSION BREEDERS
Reactor

TCD

Fusion power (MW^) 2923
Blanket power (MWt) 1717
Net power to grid (MWe) 1461
Yearly fissile fuel production (Kg/yr) 6690
Total capital cost(j*5 3408
Total annual costslb) 570
Gross annual income ($M/yr)

Sale of e lec t r i c i t y^ !
Sale of f iss i le fueHd)

Net annual income ($M/yr)
Net annual income
Total annual costs

368 , ,
489/355/221(c)
287/153/19

0.50/0.27/0.03

2730
1910
1266

10,600
4736

752

332
771/560/349
351/140/-71

0.47/0.16/-0.09

41.8/61.8/81.8Fissile fuel production costs ($/gr) 32.2/52.2/72.2

(a) All costs are in the year 1986 million dollars

(b) Calculated following the methodology of Refs. 2 and 3. 0 & N costs
were increased by 20% to allow for the presence of fissile fuel and fission
products in the system. The relative 0 & M cost for the TCD is somewhat
lower than for the D-T hybrid due to the estimated longer first-wall
lifetime (e.g., 20 years for WILDCAT vs. 6 years for STARFIRE).

(c) In the notation x/y/z, x pertains to fuel reprocessing and
refabrication costs of $2/yr, y to $22/yr and z to J42/yr, representing use
of molten salt, metal and oxide fuel, respectively.^)

K") The cost of elc
mills/kWh, while 2~

•tricity is assumed, after
3U is priced at $75/grJ4)
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PERFORMANCE REQUIREMENTS OF AN INERTIAL FUSION ENERGY SOURCE
FOR HYDROGEN PRODUCTION

Jack Hovingh
Lawrence Livermore National Laboratory

University of California
Livermore, California 94550

SUMMARY

The production of hydrogen as a relatively non-polluting fuel for
industry and transportation may be necessary in the long-term future. We
are investigating the use of inertial fusion as the energy source for a
hydrogen production plant. Inertia] fusion reactors have many design and
material options available. The absence of magnetic fields will allow
the use of flowing liquid metals. In addition, since plasma
contamination is not a problem, the inertial fusion cavity can operate at
pressures limited only by the requirements on driver beam transmission.
These options make inertial fusion attractive as an energy source for
many applications. In this paper, we examine the performance
requirements for an inertial fusion energy source for hydrogen production.

There are three important figures of merit for a fusion-driven hydrogen
producer: the system gain, the production fraction, and the electric
consumption ratio. For a system producing no net electric power, the
system gain is defined as the ratio of the heat rate of hydrogen
production to the fusion-reactor circulating electric power requirements,
which is a rough ratio of the revenues from the hydrogen produced to the
operating cost of the fusion-energy source. The production fraction is
the ratio of the heat rate of hydrogen production to the fusion power,
which is roughly proportional to the ratio of the revenues from the
hydrogen produced to the capital cost of the plant. The electricity-
consumption ratio is the ratio of the reactor circulating power to the
gross electric power produced by the system. This ratio is a relative
comparison of the cost of electricity for running the fusion plant with
the cost of electricity to run the total system.

Performance of an inertial fusion system for the production of hydrogen
is compared to the LLNL/University of Washington tandem mirror system
hydrogen producer1 in order that we can use their designs for H£
production portion of the plant, with inertial fusion replacing mirror
fusion. Both systems use the GA sulfur-iodine hydrogen production
cycle2 and produce no net electric power to the grid. The component
performance of the two system is given in Table I. The performance
parameter for the inertial fusion reactor driven hydrogen production
plant is the fusion energy gain n.Q» where n. is the laser efficiency
and Q is the pellet gain.

An ICF-driven hydrogen producer will have higher system gains and lower
electrical-consumption ratios than the design point for the tandem-mirror
system if the inertial-fusion energy gain nQ > 8.8. However, for the
ICF system to have a higher production fraction than the tandem-mirror
system requires that nQ > 17. For nQ < 17, the tandem mirror
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Tandem
Mirror

40
4.0
0.03
1.12
55
55
11.6
0.0
1.89
0.33
0.57

Inertial
Fusion

40
4.0
0.03
1.12
4-8
N.A.

100-300
0.0
1-5

.20-.35
.3-.8

system has an advantage due to the direct converter (see Table I) which
supplies all the tandem-mirror injection power requirements.

Table I. Performance comparison for tandem-mirror-driven
and fusion-driven hydrogen-production systems.

Component System

Thermoelectric conversion efficiency, %
Heat-to-electricity ratio for hydrogen plant
Auxilliary heat fraction
Blanket neutron-energy multiplier
Plasma heat efficiency, %
Direct converter efficiency, %
Plasma gain
Net electric power
System gain
Hydrogen production fraction
Electric consumption ratio

Three examples of the requirements for an inertial fusion energy source
for a hydrogen production plant producing 5.8 kg-moles/s of Hg were
considered. For a fusion energy gain r\Q of 8.8 and a given laser
efficiency of 7%, the pellet gain Q required is 126. The minimum driver
energy for a "best estimate" gain of 126 is 4 MJ. The pulse repetition
frequency required is 11 Hz. Reducing the laser efficiency to 4.4% will
require a pellet gain of 220. The minimum driver energy for a "best
estimate" gain of 220 is 10 MJ with a prf of 2.5 Hz. For a fusion energy
gain of 17, and a driver efficiency of 7%, the required pellet gain is
240. Using a 10-MJ driver will require that the pellet performance
slightly exceed the "best-estimate" gain.

An inertial fusion energy source utilizing realistic pellet and laser
performances can compete in terms of system performance with tandem mirror
energy source for producing hydrogen. The freedom for materials selection
and cavity environment intrinsic to inertial fusion will ensure that ICF
can contribute to the production of hydrogen in the long-term future.
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A THERMOCHEMICAL HYDROGEN PRODUCTION SYSTEM BASED
ON A HIGH-TEMPERATURE FUSION REACTOR BLANKET*

I. Maya, L. C. Brown, K. R. Schultz, General Atomic Company, San Diego, CA
R. W. Goodrich, Northeast Utilities Service Company, Hartford, CN
B. K. Jensen, Public Service Electric and Gas Company, Newark, NJ

A conceptual fusion synfuel production system has been developed with the
unique features of: (1) a fusion blanket producing high-temperature (1250°C)
process heat, and (2) the General Atomic sulfur-iodine (S-I) thermochemical
water-splitting cycle. Design solutions were developed to these technical
problem areas, and the energy balance and cost of the product hydrogen were
evaluated. The major concerns addressed in the study include*:

• Developing a realizable high-temperature blanket design with reasonable
projections of present day technology.

• Minimizing the tritium permeation into the product hydrogen.
• High-temperature heat transfer to the water-splitting process.
• Establishing a good heat-line match to the synfuel process.

The central requirement for the successful application of fusion energy
in the present usage is the development of a viable blanket design. The
resultant design,2 shown in Figure 1, integrates considerations of materials
compatibility, neutronic performance, and mechanical simplicity. The design
incorporates a two-zone blanket, and achieves a tritium breeding ratio of 1.1
while delivering a high fraction (30%) of the fusion heat at high tempera-
tures (1250°C). Lii7Pb83 contained in Nb-lZr tubes was chosen as the breed-
ing material in a medium-temperature (<700°C) zone. SIC tiles were chosen
for the high temperature zone. Incone1 718 was identified as the preferred
pressure-boundary material on the basis of its excellent swelling-tolerant
behavior. The two-coolant stream system design provides for a high degree of
safety in preventing and responding to loss-of-coolant events.

The important issue of tritium contamination of the hydrogen product is
specifically addressed in the present system. Tritium management, including
tritium production and recovery in the blanket, and the control and isolation
of tritium from the process stream provided strong motivation for the chosen
two-coolant loop design. The multiple barriers to tritium permeation in the
design permit the hydrogen product to meet 10CFR20 regulatory requirements
without stringent requirements on the tritium recovery systems.^

The benefits of using a high-temperature blanket to generate the energy
required by the synfuel process are accompanied by the difficulties of high-
temperature heat transfer. The critical component is a heat exchanger for
transferring the heat from the high-temperature coolant to the highly corro-
sive process mixture. A ceramic heat exchanger, incorporating SiC tubes and
headers to contain the process stream and a cooled, Inconel 718 pressure
shell to contain the heliun, was designed for this task.3

*Work supported by Triparty Agreement among Northeast Utilities Services
Company, Public Service Electric and Gas Company, and General Atomic.
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A good heat-line match of the blanket heat-source temperature distribution to
the requirements of the thermochemical plant was attained under the dual goal
of maximizing process efficiency and minimizing the hydrogen cost. The proc-
ess was optimized to the heat delivery characteristics of the two-coolant
stream blanket. Optimum use was made of the high available temperature to
eliminate the requirements of expensive catalysts and costly vapor recom-
press ion stages, and to simplify liquid quenches. The results are an overall
process efficiency of 45Z and a cost of hydrogen of $10 to 12 per Gigajoule
of hydrogen. This cost compares favorably with that obtained in previous
work.^

In summary, a conceptual fusion-supplied production system has been developed
based on the use of high temperature heat from a fusion reactor blanket using
the S-I thermochemical cycle. Design solutions were developed addressing the
areas of concern, and an integrated reactor/synfuel process system was devel-
oped with a cost of product hydrogen which is quite competative with that of
alternative sources.
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TOE HXFIRE REACTOR DESIGN

T.A. Fillo, J.R. Powell, R. Benenati
Dept. of Nuclear Energy, Brookhsven National Laboratory, Upton, New York

and
F. Malick, H. Sniderman, E. Sewers

Fusion Engr, Adv. Reactor Div., Westinghouse, Madison, Pa.

Brookhaven National Laboratory has been engaged in a design study, designat-
ed as HTFIRE, to investigate the potential merits of coupling a fusion re-
actor with a high-temperature blanket to a high-temperature electrolysis
(HIE) process to produce hydrogen and oxygen. Westinghouse has assisted in
this study in the area of systems design integration, plasma engineering,
balance-of-plant design, and electrolyzer technology.

The HYFIRE design is obtained by scaling the basic STARFIRE design to
achieve a blanket power of 6000 K?Cth). HTFIRE represents the tenth of a
kind first generation plant. STARFIRE technology assumptions and design
features were to be used to the extent possible to permit concentration on
high-temperature blanket and balance-of-plant design issues. The HTFIRE
blanket is required to provide high-tempertaure steam for the electrolysis
process, thermal energy for efficient generation of electricity to operate
the plant, and to breed sufficient tritium to compensate for burnup and pro-
cess losses. Two types of blanket modules have been designed to meet these
requirements, a steam-cooled HTE module backed by a separate tritium
breeding zone and a He-cooled tritium breeding power module. The design
has at least two structural steel boundaries to minimize the potential of
tritium leakage into the HTE steam circuit.

In addition to the requirement for tritium self-sufficiency, an important
ground rule for the studies was that hydrogen would be the only product
produced for sale. Thus, the electrical generation equipment and the over-
all power conversion process were sized to exactly provide the elecrical
energy required to operate the Tokamak, electrolysis plant, and balance-of-
plant systems.

The steam-cooled HTE blanket is based on a thermally insulated, refractory
oxide (Zr(>2 or AI2O3) region which provides high temperature
O1000OC) steam rt moderate pt ^sures (-20 atm) to the HTE units. Nate-
rials compatibility tests in steam and steam/hydrogen indicate that Zr(>2
and AI2O3 are suitable for long-term service at temperatures at least
to 1400<>C. As with all blanket materials at this time, the integrity of
Zr(>2 and AI2O3 with respect to long-term irradiation by high energy
neutrons is uncertain.

The interior region of the He-cooled tritium breeding power blanket con-
tains two distinct zones: a) an inboard zone containing a Be multiplier as
well as LiA102, and b) an outboard zone consisting of SiC and LiA102.
Since interior structural materials are minimized, the blanket may operate
at relatively high temperatures (~700o to 800<>C) which promotes tritium
removal as well as efficient power conversion. The primary He stream (at
~30 atm) exchanges heat with secondary He power conversion stream at
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-70 atm is mall heat exchangers omtboard of the blanket. Monte Carlo neu-
trosics calculations show that an overall breeding ratio (including limit-
ers, rf wave guide penetrations, etc.) of ~1.1 can be achieved with the
current design.

Process design calculations indicate that there is a 50/50 split between
the two blanket types. In each case, the first wall and blanket structural
material is PCA (Prime Candidate Alloy) stainless steel as in STARFIRE;
however, in HTFIRE, the steel shell is cooled by pressurized water
(~300°C). The Modules are arranged along toroidal field lines since this
minimizes differences in overall blanket configuration and associated main-
tenance procedures between STARFIRE and HYFIRE.

In view of thermodynamic efficiency limits on theraal-to-electrical power
conversion cycles, it is clearly desirable to operate water decomposition
processes such that the ratio of thermal energy input to electrical energy
input is maximized, consistent with practical technological constraints.
The ratio of thermal-to-electrical energy increases linearly with electrol-
ysis temperature. The successful development, on a laboratory scale, of
high-temperature fuel cells at Westinghouse, offers the opportunity to con-
sider the use of this technology for efficient HIE.

The solid-oxide electrolyte fuel cell technology developed by Westinghouse
has been tested satisfactorily for thousands of hours at operating tempera-
tures of 1000OC. By operating in reverse, with dc power applied, these
cells have the potential for very high fusion to hydrogen energy conversion
efficiencies.

Two design points have been studied; one consistent with a peak HTE inlet
temperature of ~1300<>C which is an extrapolation of present experience,
while the second is based on current laboratory experience at ~1100oC.
In the former case, the cost of the helium product has been calculated to
be i5.87/MBtu while in the latter case, it is $7.14/MBtu in constant 1981
dollars. These costs are to be compared with the price of % from natu-
ral gas and coal which range from $4 to i7/MBtu.

In summary, the technical integration of fusion and high-temperature elec-
trolysis appears to be feasible and that overall helium production effi-
ciencies of 50 to 55% seems possible.
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FIRST PLASMA OPERATION OF TFTR* M. D. Machalek, Princeton Plasma Physics
Laboratory, Princeton, N.J., 08544 On December 24, 1982 at 3:06 a.m. first
plasma was achieved in the Tokamak Fusion Test Reactor (TFTR).

Contributing to the success of attaining first plasma were a number of new
and innovative procedures and techniques. A program of Subsystem Testing
was carried out on individual hardware components, i.e. power supplies,
vacuum systems, cooling water systems, etc. Formal subsystem test proce-
dures were written and approved prior to each test and a test director
named for each test. A formal program of Integrated Systems Testing
brought together individually.tested subsystems into increasingly complex
configurations. The last integrated systems test was, logically, the pro-
duction of first plasma. Procedures written for the 29 integrated system
test configurations were reviewed and signed off in a formal manner prior
to each test. A test director for each of the integrated systems testa
conducted the test within the guidelines of the approved procedure. A
formal First Plasma Operational Readiness Review (FPORR) was conducted
over a 2nnonth period prior to first plasma. An international committee
of experts from various disciplines related to fusion research examined
in detail the first plasma readiness of TFTR in areas of hardware,
personnel, procedures, management and overall safety. A number of recom-
mendations made by the committee were instituted prior to proceeding with
first plasma.

A unique Operations/Information Center has been established for the TFTR
project. The Center is a combination library, meeting room and communica-
tions center. Housed in the Center are the project documents needed dur-
ing testing and operations, such as all 15000 TFTR drawings, vendor
manuals, component test results, design specifications, etc. A complete
set of TFTR operating and maintenance manuals written, approved and
printed prior to first plasma production is on file in the Center. A
computerized, cross-referenced index of Center documents is being compiled.
The Center also posts the daily operational status of the project on tele-
vision monitors throughout the site, provides a daily recorded project
status message on a special telephone line and has a "red phone" for
emergency communications.

Because of the magnitude and significance of the TFTR project, new and
more formal techniques and procedures have been devised for testing and
operation. These techniques and procedures have already contributed to
the successful meeting of the first plasma milestone and will continue
being used during routine plasma research operations, looking toward the
primary goal of achieving fusion "breakeven" on TFTR in 1986.

*This work was performed for Princeton Plasma Physics Laboratory,
Princeton University, under U. S. Department of Energy Contract,
DE-AC02-76-CHO-3073.
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MAINTENANCE AND DISASSEMBLY CONSIDERATIONS FOR THE TECHNOLOGY DEVELOPMENT
FACILITY* P. T. Spampinato, Fusion Engineering Design Center/Grumman
Aerospace Corporation, Oak Ridge, Tennessee 37830 The Technology Develop-
ment Facility (TDF) is a tandem mirror concept carried out under the
direction of Lawrence Livermore National Laboratory. It was conceived
as a near-term device with a mission of developing engineering technology
in a D-T fusion environment. Overall maintenance and component disassembly
were among the responsibilities of the Fusion Engineering Design Center
during conceptual design. A configuration evolved which was based on
the operational requirements of the components as well as the require-
ments for their subsequent replacement. In addition, it was determined
that the need for remote handling equipment followed within one and one
half years of initial startup.

Maintenance and disassembly of the major TDF systems was a prime driver of
the configuration development, particularly with regard to access and handling.
At the start of the TDF program, a maintenance philosophy was established
to provide guidelines for the development of a configuration and its
constituent components. The major aspects of this philosophy are listed
below:
• contact maintenance operations twenty-four hours after device

shutdown at the shield boundary;
• capability to accomplish all maintenance and disassembly operations

remotely under emergency conditions;
• modularized component installations; and
• utilization of proven remote maintenance equipment technology.

Many of the major components will require scheduled maintenance or replace-
ment during the device lifetime, and any component may require an unscheduled
replacement. Provisions for these unscheduled replacements were considered
in developing the baseline configuration, although the emphasis discussed
here is for scheduled maintenance operations. A number of components have
been identified as requiring periodic replacement. The design of these com-
ponents as veil as their position on the device was determined by considering
access and modularity. Figure 1 shows many of these components at their
first required replacement, as a function of calendar time. Note that the
assumed availability distribution and the calendar time yield operating
time in full power years (FPY). An operating time of 5.4 FPY is achieved
after the fifteen-year device lifetime.

In developing the component lifetimes, the choke coil was estimated to have
0.25 FPY of life which indicates that its first replacement occurs after
approximately 2.5 calendar years. If the life of this component can be
extended to 1.0 FPY, its first replacement is delayed to the sixth calendar

*Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation-
Nuclear Division.
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year. For this component, an extended life means that its total replace-
ments are reduced from 21 to 4. This example demonstrates the importance
of extended component life wherever possible.

A number of specific component replacements were studied to test the
viability of the configuration and to determine equipment handling needs
to first order. The following replacements were investigated:

Test Modules
Choke Coils
Neutral Beam Dumps
Beamlines
Cryopanels
End Cell Particle Dumps
Helium Pumps
Magnet Vacuum Vessel

The results of this work indicate that the TDF configuration meets the
requirements established by the maintenance philosophy, and that the
configuration embodies the requirements for component replacements. In
addition, an investigation of component lifetime estimates shows that
maintenance handling equipment will be needed early in the operating life
of the device. Finally, it behooves the component designers to strive
for long-life components wherever possible, because the frequency of
scheduled component replacements may be reduced significantly.
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Figure 1. First-time replacements of major components.
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T.F. COIL REPLACEMENT CONSIDERATIONS FOR THE FED BASELINE CONFIGURATION

Louis Dietz, Grumman Aerospace Corporation

The objective of this study is to establish the tasks and special equipment
required to remove and replace a Toroidal Field Coil from the FED baseline
configuration and to identify, if need be, critical design features which
night require improvement to facilitate maintenance procedures and assure
that T.F. Coil removal and replacement is a credible and viable option.

The approach employed was to establish the major tasks- (or steps) required
and to arrange tham in a sequential order. Each major task was subjected to
engineering scrutiny of sufficient depth to enable a thorough understanding
of substeps involved, to identify the prerequisites to each step and whatever
special equipment might be required and to recognize problem areas and their
possible solution. Figure 1 shows an elevational cross-section of the FED
device.

There are nineteen major tasks which must be accomplished prior to T.F. Coil
removal. All are difficult, expensive and time consuming. Four areas,
however, deserve special discussion because of their outstanding degree of
difficulty. They are the removal and replacement of all four control coils,
the two inboard E.F. coils, the Cryostat Structure and two "sections" of the
Torus "Spool" assembly.

As illustrated in Figure 1, all four control coils are within the bore of the
T.F. coils. It will be necessary to cut them into pieces eight to nine feet
long and to transport each piece to a removal window. The only possible re-
placement procedure appears to be an in-situ assembly of many conductor
segments bolted together.

Internal E F Coil maintenance is essentially the same procedure. Its scope,
however, is made more difficult because of the larger coil size and weight.

The Cryostat consists of a number of relatively heavy guage steel panels
structurally welded together. To sever the panels, a cutting machine must
provide a weld preparation cut for hundreds of meters. An automatic welding
machine must travel twice this distance to provide the "root" and "filler"
passes required for structural welds.

The Torus "Spool" assembly requires fully remote removal and replacement of
more than 200 large diameter bolts and the fully remote cutting and sub-
sequent remote welding of 66 meters of vacuum seal.

The time required for the removal of a T.F. coil is shown in Figure 2. The
estimated replacement time is at least twice as long.

The accumulation of all the major and minor tasks and especially the
four major problem areas create a total task of such proportion that
T.F. Coil removal and replacement can not be considered a credible
nor a viable option. To make it so, design reconsideration must be
given to the baseline configuration. The four major problem areas
are further explored and specific recommendations are made. Solutions
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to these proble* areas are attainable. Iaplenentation can significantly
facilitate FED Maintainability.
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GENEKAL DESIGN AND MAINTENANCE OF TASKA -

A TANDEM MI1R0R TEST FACILITY

A. Suppan
Kernforschungszentrum Karlsruhe GmbH
fottfach 3640, 0-7500 Karlsruhe, FIG
I.N. Sviatoslavsky
University of Wisconsin
Madison, Wisconsin.53706, USA

INTRODUCTION

TASKA (Tanden Spiegelmaschine Karlsruhe) is the study of an engineering
test facility on the tandem mirror concept /I/. One of the sain objectives
was to develop a preconceptual design of a facility that could provide
engineering design information for a Demonstration Power Reactor.
Successful operation of a test facility can be achieved if the shutdown
tine can be maintained at a level consistent with the assumed availability.
Therefore, this paper will describe the general design of the central cell
as well as maintenance concepts.

CENTRAL CELL DESIGN

The central cell in TASKA consists of a long cylindrical structure which
surrounds the plasma and is made up of blankets, vacuum chamber, reflector,
and shield (Fig. 1). This structure fits inside three superconducting
solenoids which provide the confining field. On either end of the central
cell there is an ion cyclotron frequency range heating (ICRF) section
followed by the barrier region with electron cyclotron resonance heating
(ECRU). The coils are supported independently and are capable of being
translated on tracks. The vacuum chamber surrounds the blankets. In this
way the chamber wall is effectively protected from radiation damage.
Rectangular flanged openings alternate from one side to the other and
allow the blanket modules to be inserted and removed from the vacuum
chamber. Farts of the reflector and shield are attached to the blanket
making a seal with the vacuum chamber flange.

MAINTENANCE CONCEPTS

To get an overview of maintenance tasks as well as of necessary equipment,
the major subsystems and components are categorized into four classes
ranging from operation over the design life of the system to short lifetime.
To demonstrate the practicability of maintenance tasks, four typical cases
have been selected; i.e. the replacement and repair of blankets, neutral
beam injector components, central cell coils, and barrier insert coils.
Reasons for this selection were the frequency of required replacements in
the first two cases and che complexity of the replacement in the other cases.

To allow the handling of blankets roller rails are *• stalled, and a special
transportable support structure with a screw driven carriage can be adapted
at the test facility. The lifting traverse supports the blanket after
withdrawal and in combination with the load attachment device serves as
a blanket auxiliary structure (see Fig. 2) at the same time.

Gas pumping panels at the neutral beam injectors must be exchanged at least
every two years. To replace the panels, the cover assembled, with the main
components must be removed after the duct valve between injector and test
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facility has keen dosed. For further treatment the cover can be brought
ill the working position by scan* of a turnover machine. The ion source
can be replaced in a similar way.

Coils have to be replaced in the case of a possible coil failure. Due to the
complexity of the operation, a simultaneous replacement of the coil and
vacuum chamber requires some additional special equipment for the most
critical operation, i.e. rcwelding of the vacuum chamber, A cutting and
welding machine assembled with a cutting and welding head guide track
serves at a basic unit to which either a welding or cutting head can be
fixed. Both of them arc remotely controlled and can be tilted and rotated.
The special equipment wili include optical measurement and auxiliary
devices.

The baaic equipment of the handling system consists of an overhead
bridge crane, a component handling machine with manipulator carrier, a
manipulator unit, a shielded cabin with manipulators, television systems,
and a great v*riaty of tools adapted to the manipulators.

CONCLUSIONS

There are numerous maintenance tasks affecting component design and it was
only possible to consider a few critical maintenance operations. The
objective waa to check the feasibility of performance. It is concluded
that the maintenance problem which have been addressed are within present
day capability.
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APPLICATION OF MOCKUPS TO THE RESOLUTION OF
FUSION REACTOR REMOTE MAINTENANCE DESIGN ISSUES

L. S. Masson and K. D. Watts
EG&G Idaho, Inc.

To achieve the availability required for commercial applications, fusion
reactors will require levels of reliability and maintainability which are not
achievable under the current technology. As a consequence, the development of
highly maintainable configurations and associated handling equipment is recognized
as one of the key issues in proceeding into the commercial phase. One very
valuable tool in developing the required base technology is the use of mockups
to generate and verify design configurations. The purpose of the work described
by this paper is to perform an in-depth study of the role of mockups in the
resolution of key fusion reactor maintainability issues. More specifically to:
(a) identify and prioritize maintenance related problem areas; (b) establish
which of these lend themselves to solutions using mockup techniques; (c) establish
general scaling requirements, environmental conditions to be simulated, etc.;
and (d) generate design concepts for mockup systems which encompass (a), (b),
and (c).

To be effective in developing and verifying designs, mockups must be highly
representative in that they duplicate all size, weight, and environmental
conditions which effect remote maintenance operations. In addition they must
be employed in advance or' the design such that they can be used to develop the
design rather than to be accommodated to it as in the normal case. Under these
conditions, a rigorous mockup program can have numerous advantages including:
(a) Generic issues common to a multiple of reactor configurations can be addressed.
(b) A high degree of flexibility can be built in to achieve optimum design
solutions. (c) All handling operations can be performed and verified on
mockups and valuable reactor down time can be saved. (d) Off design, or failure,
situations can be simulated, (e) Design solutions can be developed and verified
to provide a base technology to guide the designs. (f) A more focused and
continuous development plan will result.

As an illustration of the use of mockups, one of the more challenging remote
maintenance operations may be considered. This is the removal and replacement
of a torus sector from a Tokamak. Severe configurational requirements which
are imposed which result from the requirement to remotely remove and replace a
torus sector include: (a) the basic configurations of the sector, magnets,
cryostats and structures to permit access and clearance for torus handling;
(b) methods for supporting and positioning the torus sector in the torus structure;
(c) seal systems including welded seals, mechanical seals, buffered seals,
inflatable seals, etc.; (d) flange fastener systems; (e) interfacing equipment
within the vessel; (f) sector transport systems; (g) contamination control
systems.

Figure 1 illustrates a preliminary concept of a mockup system for developing
and verifying sector handling design configurations. As shown, it consists of
a fixed portion which simulates the torus structure and a movable portion which
simulates the sector. The fixed structure is equipped with a vacuum system and
a heating system to duplicate operating requirements. The fixed and movable
structures are equipped with a flanged surface which enables mounting of various
types of flange and seal configuration for testing. This will enable such
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operations as the demonstration of cutting and welding of seal welds, operation
of flange fasteners, misalignment studies, etc. The movable dolly will enable
various types of transport and positioning systems, as well as various types of
support configurations, to be demonstrated. Other design issues such as air
lock or "bagging" operations to control contamination may also be addressed.
The concept depicted is shown approximately full size; however, the actual size
and weight requirements have not been determined. The basic system can be
altered slightly to represent a mirror solenoid and the simulation of a solenoid
sector removal/replacement can be accomplished.

In summary, remote maintenance issues for next generation fusion reactors are
of sufficient complexity that an early and comprehensive remote maintenance
technology development effort is required to assure the needed levels of
availability are attained. The most effective way to assure applicable results
is by employing large, highly representative mockups which address multiple
issues and are generic to several reactor configurations.

Vessel mockup i
InsulatiorK
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Figure 1. Sector mockup for remote maintenance development

Work supported by the U.S. Department of Energy Assistant Secretary for Research,
Office of Fusion Energy, under DOE Contract No. DE-AC07-76ID01570.

88



REMOTE VACUUM JOINT CONCEPT FOR FUSION REACTORS*

E. Randolph Hager and David W. Doll, GA Technologies, Inc.

In 1981, a survey* of existing remotely maintainable connectors was con-
ducted as a part of the fusion First Wall Blanket Shield (FWBS) Engineer-
Ing Technology Program. A significant finding was that no joint system
directly applicable to large non-circular vacuum closures for fusion sys-
tems was identified, The survey was conducted as a part of FWBS Engi-
neering Technology Program Element IV (PE IV) managed at Argonne National
Laboratory. McDonnell Douglas Astronautics Company, as prime contractor
for PE IV, subcontracted to GA Technolgies, Inc. the task of conceptually
designing a joint which may be utilized on large non-circular vacuum
ducts in fusion systems which require remote maintenance.

Based on a mini workshop held at Argonne on March 25, 1982, a list of
design requirements and objectives was developed. A basic decision in-
volved the decoupling of the design of a structural attachment subsystem
from the other mechanical elements of the joint. This action serves to
limit the scope of the design task to match the limited budget available.
Another important criteria chosen involved the use of dual Helicoflex
seals as the designated seal for this design task. These seals are of
the same type being utilized for the Tokamak Fusion Test Reactor and
require a very high seal loading (clamping force). Other chosen design
features, including vacuum duct thickness and shield configuration, com-
bine to reduce the design scope to that of the joint closing and clamping
mechanism (structural attachment subsystem).

The proposed application for the resulting joint concept is the large
rectangular vacuum duct for the Fusion Engineering Device (FED) design.
The design may be scaled up or down as required for other applications.
Design objectives included: minimum assembly time, minimum access enve-
lope, good reliability, and minimum capital cost.

The joint concept developed by GA Technologies under this subcontract
con'sists of a mechanical linkage driven by six shafts. The shafts are
arranged in a transverse direction across the four sides of the rectangu-
lar duct and are driven with an external power source (e.g., an impact
wrench handled by a manipulator). The linkage provides a greatly multi-
plied axial force applied with compression piston members against one
joint flange. Latch mechanisms engage the mating joint flange and react
the seal clamping force. Figure 1 is an end view of the removable duct
showing the latch and sealing compression piston arrangement. The 32
latches and 28 pistons provide a relatively uniform clamping force to the
seals.

Shielding must be removed locally for access to the piston drive shaft
ends. An electro-mechanical manipulator with a 1220 N-m (10800 in-lb)

*Uork supported by the U.S. Department of Fnergy via Argonne National
Laboratory under McDonnell Douglas Astronautics Company, St. Louis
Division, Purchase Order Y1E147.

89



rated wrench is used to rotate the shafts. An additional 11 N-m
(100 in-lb) rated wrench is used to actuate the latches in the disconnect
•ode* The manipulator is mounted on a telescoping arm to provide the
necessary -4m reach. Remote operation time is estimated at -110 minutes
for. assembly and -186 min. for disassembly. Assembly is completed in a
shorter period because the latches are self actuated in this direction.

Design analyses included linkage optimization, stress and bearing
•aterial selection. A computer program was written which relates linkage
component notion to seal load/deflection data. Stresses were calculated
from these relationships and compared with ASME Code Section III allow-
ables for sizing of components. A special alumina bearing coating with a
transition layer of nickel alloy is recommended for its maintenance-free
characteristics. This material was developed for use in the TFTR fusion
device as a vacuum compatible bearing material which exhibits low fric-
tion coefficient along with adequate wear resistance and load capability.

I-4J5OTYP.

;/V-------""--:4-s»-"-

E>JD VIEW-STRUCTURAL ATTACHMENT JOINT

Figure 1

Xeference
1. E- R. Hager and R. E. Field, "Remotely Maintainable Connectors for

Fusion Development," Transactions of the American Jfaclear Society
1°32 Annual Meeting, Los Ar.-eles, CA, J-^e 6-10, 1??2.
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A REMOTE JOINT CONCEPT FOR LARGE VACUUM DUCTS*

D. B. Hagmann and J. B. Coughlan
Remote Technology Corporation

Oak Ridge, Tennessee

One of the more difficult generic tasks encountered in the performance of
fusion reactor maintenance is the remote removal and replacement of large
radioactive vacuum ducts. This problem is being studied as part of the
Argonne National Laboratory's (ANL) First Wall/Blanket/Shield (FWBS)
program1.

Effort has been concentrated on methods to mechanically connect these
large duct flanges since the problem is a key to the development of remote
duct section maintenance operations. A comprehensive survey of all
specially designed and commercially available connecting techniques was
performed to identify desirable characteristics.

An optimized joint concept was developed from the above results. It
consists of a simple two-jaw clamp that is opened and closed by screws,
Fig. 1. Each clamp contains two or more captive screws. The maximum
number of screws is determined by the allowable clamp weight which is
established by the capacity of the robotic manipulator used to handle the
clamp. The preferred location for the clamp applications is inside the
vacuum duct, Fig. 2. This provides access space for a robotic manipulator
and decreases the space needed for handling operations exterior to the
duct.

The joint is unique in that it is low cost; applies forces directly to the
seal, permits leak testing of the seal annulus, is highly reliable, can
be removed and replaced by a robotic manipulator and is usable on a
variety of other applications.

REFERENCE

1. Zahn, H. W., "Remotely Maintainable Fusion Wall Blanket and Shield,"
30th Conference on Remote Systems Technology (1982).

*Work performed on subcontract to McDonnell Douglas Astronautics Co.,
St. Louis.
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IN-VESSEL MAINTENANCE CONCEPTS

FOR TOKAMAK FUSION REACTORS

J. D. Berger, V. P. Kelly and J. A. Yount
Westinghouse Hanford Company

Maintenance studies of fusion energy devices show that use of a remote
handling system for in-vessel inspection, replacement of components and
other tasks is one of the important maintenance techniques to be considered.
This paper reports the results of a study to develop concepts for an in-
vessel remote handling system capable of maintaining a tokamak reactor
of the type represented by the Tokamak Fusion Test Reactor (TFTR). Assembly
and initial startup of the TFTR was recently completed by the Princeton
Plasma Physics Laboratory.

TFTR features a torcidal vacuum vessel with a circular shell about 2 m
in diameter. For in-vessel maintenance, the remote handling system (RHS)
is required to deploy an in-vessel handling machine (IVM) into the toroidal
vacuum vessel through ar. access opening about 1 meter square in size.
The study was specifically directed towards developing concepts for an
IVM which would be guided and supported by an internal rail system.

In-vessel maintenance operations range from the light-duty, requiring
high-dexterity, low-capacity manipulators for tasks such as removal and
replacement of protective tiles, to the ueavy duty. Heavy duty operations
require high load-capacity manipulator arms capable of handling more mas-
sive components such as pumped limiter panels which may weigh up to 600 kg.
Two basic concepts for the RHS were developed in the study:

1) A RHS featuring a rail-mounted IVM deployed by an ex-vessel arm to
travel around the vessel interior while suspended from tails mounted
in the top of the vessel (Figure 1). This device uses remotely
replace-able rails designed to jurvive plasma off-nonaal events so
that the rails remain in the vessel during plasma operation. The
design accommodates a range of manipulators, including force reflecting
servomanipulators- A central power arm is used for two tasks: 1)
handling of the heavier loads such as pumped limiter panels, and 2)
insertion of the IVM into the vacuum vessel. In the latter case,
the IVM power arm clamps the end of an ex-vessel boom and the IVM
is inserted through the vessel access port. Rotation, rail attachment,
and disengagement from the boom are performed under remote control
using the IVM TV cameras for viewing.

2) A RHS featuring an IVM with a similar arrangement for the manipulators
and remote viewing systems but with the IVM supported and guided fey
rails installed in the bottom of the vessel (Figure 2).
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Evaluation of variations on the two basic concepts was made based on factors
such as functional capability, machine reliability, capacity for recovery
from off-normal events, and cost including the development program required
to verify system performance. Two major conclusions resulted from the
study:

1) The RHS featuring a track-mounted IVM should be developed for TFTR-type
tokamak reactors provided the vessel interior can be arranged to accom-
modate a track or rail system.

2) The bottom track-mounted IVM is preferred over the top rail-mounted
IVM because of the greater flexibility provided in arranging the IVM
to perform its maintenance tasks.

94



CEMERAL PRT.T. BLANKET MODULE
MAINTENANCE APPROACH FOR THE MARS

HIGH TEMPERATURE BLANKET

N. Young, Ebasco Services; D. Sutliff, D. Tait, R. Siebert,
J. Coulahan, General Dynamics; J. K. Garner, J. D. Gordon,
TRW Energy Development Group

The principal objective of the MARS program is the establishment
of an economically and environmentally attractive tandem mirror
reactor design with efficient electricity production as the
primary product.

The objectives of the blanket module maintenance systems on MARS is
to minimize machine down time for normal and off-normal events while
safely removing and replacing the blanket modules. Remote, manual,
and autanated handling methods will be used depending on radiation
levels and the task. Since blnaket replacement is a yearly mainten-
ance oepration, considerable effort is being expended to design the
modules and module handling systems for rapid removal and replacement.
The use of remote techniques increase the time required to perform
any task. Therefore, it is prudent to maximize the number of
oeprations that can be performed "hands-on". By selectively increasing
the shielding in certain high maintenance areas, maintenance time can
be reduced. The machine availability is maximized by moving a small
number of large integral units on a fixed rail or roller system. The
number of operations, their complexity and the cost of equipment is
also reduced. All central cell components are designed for rapid re-
placement. Failure of any component, including a central cell super-
conducting magnet, will not result in excessive downtime.

In general, blanket module components weighing several hundred tons or
less will be handled with an overhead (gantry) crane. "Items in excess
of this weight will be moved on a track or roller system specifically
designed for and incorporated into the MARS facility. Use of several
mobile transporters will eliminate the need to have a transport system
built into each of the 24 modules. This recolts in considerable cost
savings and reduced machine complexity. Such a system requires that
coolant piping, bus systems and all service lines must approach the
machine from one side and from the top of the machine. Disconnection
and make up of these connections is a candidate for hands-on maintenance.

The detailed blanket removal and replacement procedure is based on
the specific high temperature blanket design selected for MARS. At
this time, a preliminary removal and replacement scenario has been
developed. It includes both remote and hands-on operations with initial
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remote operations starting during machine cool down, Initial remote
operations prior to module removal include the following:

- Drain coolant and gas from the module
- Start af terheat removal system
- Disconnect main coolant lines
- Bring system up to atmospheric pressure
- Position •transport vehicles in the cell
- Deliver temporary shielding as required to the work site

Following initial activation cooldown, maintenance teams can enter the
cell. Six work teams will begin preparing the assemblies to be removed
from the central cell. Hands-on operations during this time consist of
the following:

- Disconnect magnet coolant and electrical systems
- Release structural attachments to building and adjacent modules
- Engage rail transporters if required

At this point the module is free of the machine and building except for
the vacuum vessel seal. Access to the seal requires the removal of
nodule shielding and therefore personnel are excluded from the cell
and operations performed remotely. Final operations include the following:

- Remove seal shield
- Disconnect vacuum vessel seal
- Remove module with transporter

Magnets will then be removed and mounted on the replacement modules.
Automated handling techniques are being investigated for this operation.

A separate Blanket Maintenance Cell, apart from the machine containment
area -must be provided for module repair work. This cell will be capable
of handling sufficient modules simultaneously to accomplish replacement
of the six (6) blankets within the one year period between changeouts.
Vfcork on the modules to replace the blanket structures will proceed
during machine operation. Each of the hot bay areas will be equipped with
overhead cranes for handling large components. Manipulators systems will
be provided where required for disassembly operations and specialized
equipment and fixtures will be utilized.'

Structural components removed from the modules will be highly activated.
These sturctures must be prepared for shipment off site in shielded
containers or for on-site storage. High level waste requiring off-site
storage will probably be compacted to permit easier and more economical
packaging. It may also be possible to dilute wastes for on-site low
level storage. To accomplish this, a waste preparation area has been
proposed for the maintenance area. This area would be equipped to further
disassemble and cut up the activated structures by totally remote means.
A packaging and package decontamination area will also be provided.
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EFFECTS OF ENHANCED ION/ELECTRON EQUILIBRATION POWER
ON CAT-D TOKAMAK IGNITION

by
John Galambos and George H. Mi ley

Fusion Studies Laboratory
University of Illinois
103 S. Goodwin Avenue
Urbana, IL 61802

This study investigates how magnetic field corrections to the ion/
electron equilibration power influence the ignition criteria, nr|ig, for
Cat-D tokamaks. It has been found that the magnetic field can enhanced)
the ion/electron equilibration power for conditions anticipated for Cat-D
tokamak operation. Unfortunately, this enhancement is detrimental to
benefits expected from operation in the Hot Ion Mode (HIM) (2»3). HIM
operation requires that Ti/Te > 1. This condition can be created through
increased electron energy losses (compared to the ions) and enhanced
fusion-product energy deposition to ions via Nuclear Elastic Scattering
(NES)(2j or assumed anomalous slowing downw). Energy losses from the
ions to electrons (i.e. the equilibration power) sets a limit on the
obtainable Tj/Te ratio. As T-j/Te increases, the ignition criteria de-
creases due to the smaller electron losses for a given Tj. The present
analysis, however, indicates that the equilibration power is enhanced up
to 20% when magnetic field effects are included, which further limits the
T-j/Te ratio obtainable.

The catalyzed-deuterium (Cat-D) fuel cycle is used here as an example
of these trends since electron power losses are relatively large at Cat-D
burn temperatures (Ti > 30 keV), and hence it especially is sensitive to
processes that affect T-j/Te. Similar trends should occur for other fuels,
however.

The magnetic field affects the energy transfer of ion-electron
collisions when the electron gyroradius is less than the Debye length.
Under this circumstance, an accurate treatment of the spiralling motion
of the electron must be included in the analysis of the collision event.
Previous studies on magnetic field corrections to equilibration
power (4,5) predicted enhanced ion-electron energy transfer, but only at
field strengths larger than would be expected for any near-term fusion
application (i.e. f° r B » 100 KG). However, these studies were based on
an analysis of an "average" thermal electron. This procedure misses
important contributions from slow electrons (near the ion thermal speed)
which are affected much more strongly than those at the average electron
speed. Hence the earlier models that use an average electron speed are
inaccurate and a new model which includes the magnetic field effects at
each particular electron speed is used in the present analysis. This model
predicts a net increase in the equilibration power between ions and elec-
trons of ~ 25% for ratios of Tn7Te < 1.5 and B < 100 kG, typical of con-
ditions expected for Cat-D tokamaks. Scaling of the magnetic field effects
vs, macroscopic plasma parameters will be presented.

The ignition requirements presented here are evaluated with the same
model used in Ref. 2, and are based on parameters from the WILDCAT tokamak
study.VD) Figure 1 shows the resultant ignition requirements for a
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calculation where the magnetic field enhanced equilibration power has been
neglected (designated Classical lnAje) compared to a case where enhance-
ment is included (designated ln*Ajp). Also included are cases where NES
effects are included. It is seen that the enhancement (ln*Aei) increases
the ignition requirements by >50% at 75 keV. When NES is also included,
there is a decrease in nr ),•_ of >60X at 75 keV compared to the ( I n * ^ )
case without NES. Thus the gain by NES is, in effect, partially offset by
enhanced ion-electron energy transfer due to magnetic field effects.

In summary, it is found that the magnetic field enhancement of
equilibration power causes an increase in ignition requirements for Cat-D
tokamaks, due to the lower T.j/Te ratios attainable. However, the
effects of NES can offset these increases nx Jjg, resulting in a slight
(~10%) net decrease in the ignition requirements.
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D-D TOKAMAK REACTOR ASSESSMENT*

D.C. Baxter, A.E. Dabiri, D. Dobrott, J.E. Glancy, H. Guroi,
W.K. Hagan, J.B. McBride, S. Tamor, Science Applications, Inc.

and R.N. Cherdack, Burns and Roe, Inc.
Science Applications, Inc. (SAI) is assessing alternate fusion fuel cycles
for the Department of Energy's Office of Fusion Energy. The ultimate
objectives of this assessment are to quantitatively determine the net
benefits and costs of fusion reactors burning alternate fuels relative to
deuterium-tritium (d-t) burning reactors, and to compare different magnetic
confinement concepts as alternate fuel reactors. The first phase of the
work was an assessment of a d-d fueled tokamak fusion reactor.

The assessment is organized into three parts: (1) Physics, (2) Engineer-
ing, and (3) Cost and Safety.

Physics Asesessment
The key physics leverage issues for the d-d tokamak are: (1) synchrotron
radiation; (2) Nuclear Elastic Scattering effects (NES); (3) Refueling and
Start-up; (4) Steady-State Current Drive; and (5) Theoretical Prospects for
High 3 Tokamaks. Synchrotron transport was modelled with SAI's CYTRAN code
and we find that proper modelling is required to predict the effect on tem-
perature profiles and power balance. More specifically, the reduction in
the temperature gradient- improves localized interchange stability and
impacts maximum beta. Our conclusions regarding NES are that it is not a
quantitatively important effect for d-d plasmas that operate at tempera-
tures less than 60 keV. Refueling simulation studies indicate that al-
though the d-d plasma is larger, denser, and hotter than d-t tokamak
plasmas, refueling via pellets or neutral beams appears feasible. For
steady state current drive, the power requirement for Alfven waves are more
than an order of magnitude lower than for the lower hybrid waves proposed
for d-t tokamaks, but a concern is the interaction of the plasma with the
Alfven wave launching structure. High beta is an economic requirement for
d-d tokamaks and a survey of theoretical studies uncovered no fundamental
reasons why p £ 19 percent could not be achieved.

Engineering Assessment
The first wall, limiter, blanket, and shield technologies are the key
issues associated with d-d tokamaks. The d-d blanket is designed for high
temperature, high neutron energy multiplication, full reactor lifetime, low
activation, and low cost. These are very different than d-t blanket design
goals. A d-d blanket that meets these goals was designed and coupled to a
thermal power cycle to achieve thermal efficiencies of 40.5-43.5%. This is
4.5 to 7.5 points higher than the d-t Starfire system. Other technology
areas of importance are: (1) tritium containment and recovery; (2) mag-
nets; (3) vacuum; and (4) rf for current drive. Tritium is produced and
burned in the d-d plasma at a rate of 150 g/day for the 1200 MW reactor.
The plasma burn probability is only 28% but with 90% recycling from the
wall, the overall tritium burn-up of the reactor is 79%. This leaves 39

*Work supported by the Department of Energy, Office of Fusion Energy.
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g/day of tritium that Is exhausted, purified, separated, and recycled for
refueling. Thus, a tritium processing plant Is required. The tritium
permeation and Inventories for the d-d tokamak are very small however.

Cost and Safety
A reactor systems code was used to do cost trade-off studies, especially to
examine the impact of higher a on d-d reactor cost. He found that as 6
approaches 15% the d-d reactor approaches Starfire size and cost. We
looked at reducing the magnetic fields of the d-t reactor to see if higher
8 would be beneficial (holding the power density constant). The net result
is that there is an insignificant drop in the d-t reactor cost for high e.

The inventory of activation products is approximately equal for d-d and d-t
reactors but the d-d tritium inventory is 100 times lower. The stored
energy for d-d is much higher if the d-t reactor is assumed to have a solid
breeder. If liquid lithium is used, it's stored chemical energy dominates
other energies. The accident scenarios for d-d and d-t are roughly equi-
valent, unless a liquid metal/water reaction accident is postulated for a
liquid breeder d-t reactor. The consequences of accidents releasing
activation products are small and approximately the same for d-d and d-t.
However, the consequences of tritium release are larger and could be 500
times higher for d-t than for d-d.

Conclusions
A final conclusion on the comparison of d-d and d-k tokamak reactors will
depend on the final plasma physics parameters that can be achieved.
However, the following preliminary conclusions can be reached at this time:

(1) The current costing algorithms used for superconducting magnets don't
produce a large cost penalty for d-d tokamaks that strive for high
B-field to overcome low reactivity. If less optimistic algorithms
prove to be more correct, then high field d-d tokamaks could be
prohibitively expensive.

(2) Using non-optimistic physics assumptions for e (6-9%), neither d-t nor
d-d reactors produce electricity at costs less than fission reactors,
but d-d reactors are more expensive. Using optimistic physics assump-
tions (e^l5%) d-d and d-t reactors cost approximately the same and
produce electricity that is more expensive than fission reactors.

(3) Although the technology requirements for d-d tokamaks are quantita-
tively more severe than for d-t tokamaks, no qualitatively new tech-
nology or R4D is required.

(4) d-d tokamaks are significantly safer than solid breeder d-t tokamaks
primarily due to the lower tritium hazard, but both are significantly
safer than fission reactors. If liquid breeding is required for d-t
tokamaks, then d-d reactors are clearly inherently safer.

Thus, although there is considerable uncertainty in the assumptions leading
to this conclusion, d-d tokamaks potentially offer the most attractive re-
actor option when physics, technology, cost, and safety are all considered.
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A d-d TANDEM MIRROR REACTOR WITH CENTRAL-CELL POTENTIAL MODIFICATION*

G. W. Shuy and D. Dobrott
Science Applications, Inc.
La Jolla, California 92038

Positive central-cell ambipolar potentials are typically used to confine
central cell electrons electrostatically (Ref. 1). Under this operating mode
(see Figure l.A), it is estimated (Ref. 2) that a d-d fueled tandem mirror
reactor (TMR) will require neutral beam energies of above 700 keV to create
an electrostatic plug for central cell ions. An alternative design (Ref. 3)
(see Figure l.B), using a negative central cell potential to confine central
cell ions, relaxes this technological requirement but exacts similar
constraints on ECRH power to produce the electron plug. To optimize the
technology requirements on both neutral beams and ECRH, a third alternative
(see Figure l.C) is presented wherein the central cell potential 8f, is kept
near ground. This operating mode is an improvement of those studied in both
Refs. 2 and 3.

This alternative mode retains the axi-cell for high mirror ratio and an
outboard yin-yang for MHD stability The electron plug is maintained in the
axi-cell by ECRH to trap electrons and passive pumping (Refs. 4-6) and low
energy neutral beams to pump ions. The ion plug is maintained in the
yin-yang by modest energy neutral beams and ECRH. This plug separation
provides greater design flexibility in power and size requirements and allows
for better reactor Q. Variations on these designs that may be necessary to
accommodate certain trapped particle instabilities (Refs. 7,8) are also
possible. Such a model, where both the i-plug and the e-plug to be built in
yin-yang, is shown in Figure l.D.

A zero-dimensional plasma physics model has been developed to describe the
average macroscopic properties in various regions of the TMR. This model
describes the kinetic interactions in velocity space between species, and the
effect of particle and energy sources which come either from other regions in
the TMR or are externally supplied. The development of this plasma model
provides a self-consistent set of equations, supported by physics theory and
experiment. These equations have been coded for rapid solution by computer
to calculate all of plasma dimensions, densities, energies, potentials and
confinement times in a TMR.

The reactor performance with respect to power balance is significantly
affected by the potential operating mode. This is illustrated in Figure 2.
The plasma Q calculated for 2000 MW d-d/TMR is shown to be best when the
central cell potential is near ground. The impact on ion plug neutral beam
and electron plug ECH requirements are shown in Table I. The positive
operating mode requires high neutral beam energy, which has a very poor
trapping fraction (% 7Z), thus requiring high power systems. On the other
hand, the negative operating mode requires high ECH power, which is
expensive. The neutral operating modes (central cell potential near ground)
provide design flexibility in optimizing the neutral beam and ECH system
requirements.
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EXPERIMENTAL INVESTIGATION OF MUON-CATALYZED FUSION*

S. E. Jones, A. J. Caffrey, J. B. Walter, K. D- Watts
Idaho National Engineering Laboratory

and
J. L. Anderson, J. N. Bradbury, F. A. M. Gram, M. Leon, M. A. Paciotti

Los Alamos National Laboratory

Introduction

Data will be presented from the first experimental determination of the total
fusion energy yield of the muon-catalyzed fusion reaction:

4
u + d + t •»• u + H e + n + 17.6 MeV. (1)

In this reaction, an elementary particle known as the muon induces fusion
without being affected by the reaction. Thus, it serves as a catalyst of this
nuclear reaction. The amon catalyzes many fusion reactions before decaying
into an electron and neutrinos. The process is known as "cold" fusion since
it proceeds rapidly for temperatures in the range from room temperature to
about 800° C. An obvious advantage over thermal fusion approaches is that
there is no plasma to contain. On the other hand, the muons which drive the
reaction must be continually produced using a particle accelerator.

Define n to be the average number of fusion reactions catalyzed by a muon
during its lifetime. Then, since each fusion releases 17.6 MeV and the mass-
energy of each muon is 106 MeV, energy breakeven between fusion output and
driver energy input is reached when

106 MeV , ,„.

\ = IT̂ TieV = 6' &

The energy breakeven point is surpassed in this proof-of-principle experiment.
However, in view of inefficiencies in creating muons by conventional tech-
niques, a much larger value (n > 100) is required for commercial feasibility.1

Only one previous experiment'' has been done investigating reaction (1). High-
energy neutrons were observed, providing evidence for muon catalysis of nu-
clear fusion. However, no attempt was made to measure the absolute number
of fusion cycles catalyzed per muon in this early work.

Experimental Method

The apparatus for this experimentJ is shown schematically in Figure 1. Muons
entering the deuterium-tritium target are counted using plastic scintillation
detectors. We require that only one muon be in the chamber at a time for a
valid event. As muons catalyze fusion reactions, resulting 14.1 MeV neutrons
are counted using three 5"-diameter NE213 scintillation detectors arranged
symmetrically around the target capsule. Corrections to the neutron count
are made, for the geometrical acceptance of the detectors and their neutron

*Work supported by the U.S. Department of Energy, Director of Energy Research,
Office of Basic Energy Sciences, under DOE Contract No. DE-AC07-76ID01570.
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detection efficiency. Since each d-t fusion generates one neutron, the
number of fusion cycles catalyzed by a single muon Cn ) is just the corrected
neutron ccunt averaged over a large number of muon-cafalysis events. Time
and energy spectra of fusion neutrons are also recorded to provide informa-
tion on factors which affect the magnitude of n . Data from approximately
one million events are recorded for each set of experimental parameters
(temperatures in the range 77-600°K, deuterium:tritium ratios from 9:1 to
1:9, and pressures from 2X107 Pa to 1X10® Pa). The experiment uses the muon
beam at the biomedical channel of the Los Alamos Meson Physics Facility.

Since this experiment involves pressures to 10& Pa and up to 52,400 curies
of tritium, safety considerations arc paramount. The target capsules were
made from age-hardened A-286 austenitic stainless steel and internally gold-
plated to inhibit tritium permeation. All capsules undergo thorough testing
before being filled with tritium. Finally, each deuterium-tritium filled
target capsule is mounted inside an evacuated secondary containment vessel
during data-taking runs. This is one of very few fusion experiments to
actually use tritium.

Experimental Results and Significance

Data-taking is scheduled to begin in October, 1982, so results are not yet
available. However, data-analysis programs have already been written to
assure that the experimental data will be analyzed soon after data-taking.

The average number of deuteron-triton fusions catalyzed by a muon during
its lifetime will be announced at the meeting. This is the first experi-
mental measurement of this quantity. The implications of this finding on
onion-catalyzed fusion as an energy source will be briefly discussed.
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THE INFLUENCE OF ENGINEERING CONSTRAINTS ON
CONFINEMENT TIME REQUIREMENTS OF ADVANCED FUEL FUSION REACTORS

J- Reece Roth
Department of Physics
University of Tennessee

Knoxville, Tennessee 37996

A survey of large-scale DT Tokamak powerplant design studies shows that
the confinement time required to achieve self-sustaining operation can be
much less than that predicted by the recently reported modification of
Alcator scaling (ref. 1). The latter predicts substantially longer con-
tainment times than Bohm or previous versions of Alcator scaling. In such
a reactor the confinement time would have to be spoiled by deliberately
impairing confinement. Even without invoking better confinement mech-
anisms than those responsible for the recent version (ref. 1) of Alcator
scaling, it appears likely that there will be available, for most exist-
ing reactor designs, a substantial "excess" containment time without
engineering or physics penalty. Probably the most constructive use which
can be made of this excess containment, assuming that "Neo-Alcator" sca-
ling remains valid for advanced fuel cycles, is to burn advanced fuels
instead of the DT reaction, and thereby reap the practical benefits of
reduced tritium inventory, lower neutron fluxes, reduced materials prob-
lems, etc. which can be anticipated as a consequence. At the same time,
this excess containment time is of little value to DT reactors, reduc-
tions in size and total power of which are limited by wall loading con-
siderations (refs. 2,3).

Satisfaction of the Lawson criterion by advanced fusion fuel cycles re-
quires values of the number density - containment time product nT and/or
ion kinetic temperature which are significantly higher than the values
appropriate to the DT reaction. Earlier work on the effects of wall
loading limitations (ref. 2) and of other engineering constraints (ref.
3) on the feasibility of advanced fuel fusion reactors have shown that
such reactors appear possible if confinement concepts capable of beta
greater than 15% are available. These studies showed that the values
of number density and ion kinetic temperature required to meet reasonable
engineering constraints were each about a factor of two to four higher
than the values required by the DT reaction. These rather modest in-
creases in density and kinetic temperature imply a higher value of the
plasma stability index, beta, than is required for the DT reaction, where
the 6 = 5% of Tokamaks is adequate. In this paper it is shown that the
main burden of meeting the value of the Lawson parameter nT required for
a self-sustaining reaction with advanced fusion fuel cycles can be placed
on increasing the required confinement time to values consistent with
Neo-Alcator scaling. At these long containment times, the engineering
implications are less serious, and do not require otherwise unnecessary
increases in the number density or kinetic temperature, which have unfav-
orable consequences for both the engineering and physics aspects of ad-
vanced fuel reactors.
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HIGH F1KLDT0KAMAKS WITH
DD-DT OPERATION AND REDUCED

TRITIUM BREEDING REQUIREMENTS

L. Brombcrg, D.R. Colin, N. Diatchcnko, R. LcClairc, J. Meyer
and J.E.C. Williams

Plasma Fusion Center*
Massachusetts Institute of Technology

The potential of the high field tokamak for production of very high values of rn and fusion power
density makes possible DD-DT operation which can be used to reduce tritium breeding requirements. In
DD-DT operation, neutrons ircm both the D + T -* He -f n and D + D -> He3 + n reactions are
used to produce the tritium. The plasma tritium breeding requirement 7, defied as

no. of neutrons produced in the plasma
no. of externally supplied tritons '

is between zero and one. The tritium/deuterium ratio (RT/MJO) in the plasma is <1 (the ratio for DT opera-
tion) but greater than the ratio in DD operation where tritium produced by D + J D — + T + p reaction is
burned (n^/no «* 0.003). A continuous range of tradeoffs between reduced breeding requirements and
increased requirements on nrt for ignition and reduced fusion power density is possible1.

The advantages of DD-DT operation include:
• Insurance of self sufficiency in tritium production
•Increased flexibility of blanket and first wall design due to decreased neutron economy require-

ments
•high tritrium burn-up in the plasma
•increased availability of neutrons for fissile fuel breeding, tritium production for makeup or startup

fuel for DT reactors, synfuel production
In Uiis report we discuss trade offs between the breeding ratio requirement 7, plasma performance

requirement and the machine size and c >st. Two different types of machines have been considered. One
is a relatively near term device that utilizes resistive magnets. It would serve as an engineering/materials
test reactor with self-sufficiency in tritium production. We refer to this device as an Advanced Fusion
Test Reactor (AFTR) device. The second machine is a device that utilizes superconducting magnets. It
would be used as a commercial reactor which would produce electricity with blankets that arc optimized
for considerations other than neutron economy. We refer to this device as an Advanced Fuel Commercial
Reactor (A FCR).

For both AFTR and AFCR type devices, the machine size and cost.increase significantly as 7 is
decreased. Table I shows the effect on machine size as 1 — 7 is varied for AFCR type devices with
constant neutron wall loading (Pwnu = 2.2 MW/m2). The machine parameters arc given in terms of
the dependence upon 1 —y, which represents the margin in the required tritium breeding ratio. The
operating temperature is varied to obtain optimum operating conditions at each value of 1 — 7. The
confinement scaling law T ~ na2 is assumed in determining the requirements for ignition 2.

Illustrative designs have been developed for the AITR and AFCR type devices. The illustrative
AITR design is a moderate size device (major radius = 4.8 m, minor radius = 1.2 m) which would serve
as an engineering/materials test reactor with self sufficiency in tritium production2'3. Table II gives the
parameters for the illustrative design. An AFTR device might also be used to produce tritium for other
reactors or to produce fissile fuel. The illustrative AI-VR design is a considerably larger machine (major
radius = 9.6 m, minor radius = 2.4 m) which uses NbuSn superconducting magnets. The pulse length
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provided by the OH transformer is 1 hour. In addition in possible use for electricity production, AFCR
might also be used to produce excess tritium. Another possible application is synfucl production.
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Table I.
DEPENDENCE OF AFCR MACHINE PARAMETERS UPON 1 — 7

1 - 7

MAJOR RADIUS (m)
MINOR RADIUS (m)
FIELD ON AXIS (T)
AVERAGE/?
FUSION POWER (GW)
MAXIMUM FIELD AT

TF MAGNET (T)
MAGNET STORED ENERGY (GJ) 13.

Table n.
MAIN PARAMETERS OF ILLUSTRATIVE AFTR AND AFCR DEVICES

0.0
1.0
6.6
1.6
4.1
0.062
1.54

7.7
13.

0.12
0.067
8.4
2.1
6.5
0.062
2.3

11.2
56.

0.20
0.039
9.6
2.4
7.0
0.062
3.1

11.9
89.

0.27
0.025
10.7
2.7
7.5
0.062
3.9

12.3
131.

0.37
0.016
12.3
3.1
8.0
0.062
5.2

12.7
206.

1 - 7
MAJOR RADIUS (m)
MINOR RADIUS (m)
PLASMA ELONGATION (m)
AVERAGE BErA(%)
PEAK ELECTRON TEMPERATURE (keV)
ION DENSITY (m-3)
PLASMA CURRENT (MA)
FIELD ON AXIS CD
FUSION POWER (GW)
TF MAGNET RESISTIVE

POWER (MW)
NEUTRON WALL LOADING fMW/m2)

AFTR
0.07
4.8
1.2
1.5

6.25
25

1.8 X 1020

11.1
8.5
2.8

600
8

AFCR
0.2
9.6
2.4
1.5

6.25
35

1.2 X 1O20

18.7
7.0
3.1

__
2.2
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THE EFFECTIVE COST OF TRITIUM FOR TOKAMAK FUSION POWER REACTORS
WITH REDUCED TRITIUM BREEDING RATIOS

J. G. Gilligan* K. Evans, Jr., J. Jung1"
University of Illinois Argonne National Laboratory
Urbana, IL 61801 Argonne, IL 60439

The possibility of operating fusion reactors in a plasma burn mode where
ry = nj/nn, < 1, implying blanket tritium breeding ratios (TBR) < 1, is
very real because of uncertainties in nuclear breeding blanket performance and
recovery of bred tritium. In addition, plans for near-term devices (INTOR/FED)
call for purchases of tritium (from outside vendors) to "makeup" for that not
designed to be bred in the blanket. In both bases the effective cost value of
tritium will be determined by the tradeoffs between blanket nuclear breeding
performance and that of the plasma, and reflected in the final cost-of-
electricity (COE). The purpose of this work is to explore these tradeoffs and
quantify the results by undertaking a series of ignited reactor designs in a
range of required TBR between the previously designed STARFIRE* (D-T, TBR
1.0, rT = 1.0) and WILDCAT

2 (Cat-D, TBR = 0.0, r T - .005) tokamak
reactors. In this way it will be possible to determine the higher COE for
reduced TBR operation and directly relate it to value of tritium.

The general procedure used to scope out designs for both STARFIRE and
WILDCAT is followed here. A profile-averaged, steady-state, reactor analysis
code, TRAC-II, is used to determine the basic plasma parameters. Specified
profiles are averged over to obtain the global multispecies particle and energy
balance equations solved by TRAC-II. The averaging is done over the actual flux
surfaces of the MHD equilibrium, and the power and particle balance and the MHD
equilibrium are handled consistently. A charged particle slowing-down model
calculates energy deposited in thermal ions or electrons by superthermal fusion
products. Superthermal fusions are also accounted for. A detailed toroidal
field coil model is used to size the toroidal field superconducting magnets.
The neutronics analysis for calculation of the tritium breeding ratio and
shielding requirements has employed the one-dimensional code ANISN with the
P3Sg approximation. The cross-section libraries for the particle transport
and the nuclear response function used for the analysis consist of 46 neutron
groups and 21 gamma groups. The reactor activation analysis has been performed
by the RACC code based upon the Gear stiff matrix method.

In Fig. 1, an approximate COE is plotted as a function of TBR (number of
tritons required to be bred and reinjected, per neutron produced) for 0.9880 >
TBR > 0.9944 (0.1 > rj > 1.0). The COE is approximated in a straightforward
manner by assuming the STARFIRE COE (35 mills/kWh) at a TBR of 0.9944 (D-D
reactions included) and adjusting the COE by the reduction in total reactor
electric power as the TBR is decreased, keeping the size and magnetic field
constant. Thus, the same capital equipment and operating costs are assumed, but
only the generated electric power is decreased. This approximation should be
valid in the regime close to STARFIRE. At a TBR of 0.983 the COE has risen to
about 40.5 mills/kWh. Hence, a decrease in TBR of only 0.0064 increases the COE
by more than 5 mills/kWh (~15<). This is indeed a high price to pay for the
slight inability to breed or recycle tritium.

*Work performed at ANL while a Summer Faculty Research Participant, 1982.
•"Work supported by DOE Contract W-31-109-Eng-38.
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Also plotted in Fig. 1 1s the makeup tritium (in g/day) that is needed to
operate at full,50-50 D-T {tj * 1). If one were to purchase this tritium at
1 x 103, 2 x 103, or 3 x 103 $/g (assuming availability from an outside vendor),
then the COE would be as shown in Fig. 1. One might consider tritium-depleted
operation if the cost of tritium is >2000 $/g. Since the present (1982) cost
of tritium is about l(r $/g, it is unlikely that any tritium could be purchased
at the needed low rates, so that the cost penalties of reduced TBR operation
must be viewed as a severe.

Designs have been completed for the series of reactors between STARFIRE
and WILDCAT. Unlike the results of Fig. 1, the COE does not increase indefinitely
as the TBR is decreased, but approaches the WILDCAT COE (-62 mills/ kWhr)
asymptotically. This is a result of increasing the operating temperature, the
external magnetic field and reactor size consistent with the design constraints
(gt * 10%, heat load at first wall * 1 MW/m

2, total power * 4000 MWt,
Bmax~14T). Costing analysis is consistent with both STARFIRE and WILDCAT designs.

In conclusion, preliminary results indicate that the cost penalty for not
breeding sufficient tritium to maintain a 50-50 D-T fuel mixture is severe.
However, if it is possible to trade decreased nuclear blanket performance for
increased plasma performance, then the trend can be minimized. Indeed, excess
tritium might be a product of such a "tritium-depleted" reactor and sold as a
deliverable product. These options are also being examined.
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Fig. 1. COE and Tritium Makeup versus required TBR.
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MIRROR ADVANCED REACTOR STUDY (MARS) END PLASMA TECHNOLOGY DEVELOPMENT

W. Barr, R. Moir, Lawrence Livermore National Laboratory
V. Calia, J. Erickson, S. Fixler, R. Herbermann, T. Luzzi, D. Sedglcy
Grumnan Aerospace Corporation

Tandem Mirror reactors exhibit imperfect end plug confinement which
results in substantial leakage of charged particles out the ends. The
end plasma technology effort is aimed at controlling these charged
particles, directly recovering as much energy as possible from them
in an electrostatic converter and using the remaining thermal energy
in a heat cycle. Additionally, this effort focuses on those ancillary
systems required to support the direct converter and plasma scraper.
The plasma in the central cell has two distinct regions; the hot or
core plasma and the cold or halo plasma. This halo plasma being near
the wall is not confined by the potential peaks in the end cells and
is free to stream into the end tank where it is collected on the halo
scraper neutralized and pumped out by the cryopumping system. The
halo plasma contains particles which have drifted radially outward from
the core plasma including many of the alpha particles born by the fusion
reaction and impurities which come off the wall and are ionized in the
halo plasma. The halo plasma functions as a very efficient pump for
the central cell rapidly moving particles to the end tanks where they
are removed. The halo scraper, cryopumping system and end tanks are
also included in the end technology package.

The principal direct energy recovery system or direct converter consists
of components at both ends of the reactor. The ion end has an entrance
grid repeller grid and collector plate as well as the halo scrapers and
cryopumping system. The electron end is similar in design byt smaller
and contains only one repeller grid.

Selective leakage of cttarged particles is accomplished in the central
cell by applying different confining potentials at each end. The
difference in this potential must be such that the up scattering of
particle energy in a single transit of the central cell will not
exceed this potential difference. This causes almost all the ions
to go to one end (the ion end) of the reactor. Electrons are not
selectively leaked but the repeller grid at the ion end being main-
tained 100 KV more negative than the entrance grid turns the electrons
around and sends them back down the reactor to the electron collector.
This effectively separates the charge and allows for direct conversion
by returning the ion collector to the electron collector through the
load.

The MARS reactor developing 3500 MW of fusion power has 863 MW of
charged particle power. The direct converter, including current
from the halo scraper, recovers 445 MW electric and absorbs 418 MW
of thermal power. The design of the ion end of the reactor is driven
by the power density on the grids. It was decided to limit power
density on the grids to an average of 2.5 MW/M2 and construct the
grid with an oapacity of 5 percent. The plasma charged particle
power density was mapped fxora the circular central
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cell to Che end plasma fan and power densities for various coordinates
in the fan were calculated. This showed a peak power density at the
center of 7.5 MW/M2 at the center dropping off toward the edges. This
lead to a water cooled grid tube 1 en in diameter, five meters long and
having a wall thickness of .159 cm. The cooling water flow for the
grids is 1072 6PM at a pressure of 2100 PSI and the pumping power is
20 kW. The grids are made of AMAX-MZC copper for its combination of
high thermal conductivity and high allowable stress level. The exit
water temperature is 215°C. The ion ends grids contain 325 tubes.

Using the allowable power density the spacing necessary to meet field
requirements and desired capacity the area of the collector plate was
determined to be 240 M . The plate receives 170.6 MW of thermal energy
and requires 3400 6PM of water at a pressure of 1550 PSI with a pumping
power of 3 1 kW. The collector as well as the halo scraper is made of
AMAX-MZC copper.

The halo scraper collects 40.15 MW (each end) of thermal power and
requires 820 6PM of cooling water at 2450 psi with a pumping power
of 1.73 kW.

The total charged particle count which is neutralized and then must be
pumped by the cryopumping system is 8.32 x 102' molecules/sec. This
is accomplished by using 160 M of pumping panels. One sixth of the
cryopanels are regenerating and there are 67 grams of T~ on the panels
at any one time.

The entire ion end of the machine is housed in a vacuum tank with a
volume of approximately 17500 M^, which is in turn supported by Tension
rods to a concrete shell. This permits a much thinner wall on the
vacuum vessel since the concrete structure takes most of the load.

Tandem mirrors require large amounts of recirculating power and the
ability of the direct converter to supply most or all of this power has
two distinct advantages; it increases the overall plant efficiency
and since this power becomes available as soon as fusion takes place
it can supply power for start up before the turbines begin generating.
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AVAILABILITY ANALYSIS OF FUSION POWER PLANTS

Z. Musicki and C.W. Maynard (University of Wisconsin)

The purpose of this work is to assess the operational availability of
future fusion power plants and its impact on the economics of electricity
production, and to suggest design changes for improvement.

The present fusion power plant designs have many parts that have not been
tested or built full scale. The sheer complexity and quantity of these
engineering systems will present reliability problems.

If availability of such plants is low, their operation may prove uneco-
nomical compared to alternative energy sources; the utilities will have to
increase capital costs and must buy replacement power to offset this low
availability. Increasing the availability (e.g. through redundancy), how-
ever, may entail increased capital costs.

A computer program has been developed which can be used to:

1) calculate approximate availability of a given design, or calculate a
"worst case" and a "best case" availability.

2) compare different designs or different power plant concepts (e.g.,
mirror vs. tokamak) from the availability and economics standpoint.

3) suggest improvements in design for optimum cost of electricity. This
economic optimum exists, because availability can be increased at the
expense of increased capital costs.

4) identify the parts of a power plant that are availability drivers.
Employment of availability drivers in power plants may then be mini-
mized or resources can be concentrated on such components to bring
about a reduction in their failure rates and repair times.

5) "apportion" failure rates and repair times for the subsystems so that
an overall availability can be achieved.

The computer model for availability analysis uses the Monte Carlo approach
to assess availability of each subsystem in a power plant. The subsystems
are then combined in a logic diagram of the power plant (using logic
gates) to find the availability of the whole plant. An economic model is
employed to find the cost of electricity. The model can handle redundan-
cy, m-out-of-n operation, maintenance timelines, limited maintenance fa-
cilities, idle operation, etc. It can also be made to handle transient
analysis and aging of components if the need should rise and if appropri-
ate data can be found.

There are obvious difficulties in obtaining the necessary data (failure
rates and repair times) for the computer program input. Several avenues
of approach have been considered:

117



- use data already available from Industrial experience (e.g., pumps,
steam generators).

- use data for analogous components (e.g., use accelerator data for
neutral beam ion source).

- find data in design studies (STARFIRE, ETF availability apportionment,
etc.)

- solicit data from the workers in the field who are familiar with
certain subsystems and who may have a sense as to which numbers are
reasonable and what are the uncertainties involved.

Using these sources, one ends up with the "best guess" data, as well as
reasonable worst case and best case scenarios.

A study has been made on the UW-designed WITAMIR-I mirror reactor. De-
pending on design modifications, a range of availabilities between 18% and
35% has been computed. The availability drivers with the most signifi-
cance are the magnets (especially the central cell coils) followed by the
neutral beam injectors and ECRH system. Adding an extra central cell coil
for online redundancy increases the availability and reduces the busbar
cost of electricity by 30%, hence this addition is justified. In another
study, a preliminary design of the MARS reactor, decreasing the failure
rate of plug magnets by an order of magnitude improves availability from
16% to 20%. Halving the repair time of neutral beam injectors or ECRH
increases the availability to 30%. Tokamak reactors are expected to have
similar availability problems.

These numbers do not represent what we believe is truly achievable in
fusion. We intend to show that improved design, quality control and
maintenance procedures can lead to acceptable availabilities for both
mirror and tokamak reactors.

In conclusion, a Monte Carlo computer code has been devised to calculate
the availability of a power plant, given the logic interconnection of the
subsystems in it. This computer code can handle redundancy, m-out-of-n
operation and both scheduled and unscheduled maintenance. The calculated
availability is incorporated into the economics code to compute the busbar
cost of electricity. This can be used in comparison studies of different
designs and reactor concepts. Availability drivers can also be identi-
fied.

In preliminary runs for the recent mirror reactors, a 20-30% availability
has been calculated and magnet coils and neutral beams and ECRH system
have been identified as availability drivers.
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UTILITY EVALUATION OF THE D-T STARFIRE AND D-D WILDCAT REACTORS*

B. K. Jensen, R. D. Endicott
Public Service Electric and Gas Company, Newark, New Jersey

Two conceptual fusion power plant designs were recently completed by
Argonne National Laboratory. The first, Starfire, is based on the
deuterium-tritium (D-T) fusion reaction, the other. Wildcat, is based on
an alternate fuel, deuterium-deuterium (D-D). Public Service Electric
and Gas Company (PSE&G) examined these two designs and attempted to
assess the relative attractiveness to a .utility of the D-T fusion power
plant as compared to the D-D fusion power plant.

Both the D-T Starfire and the D-D Wildcat are tokamak-type fusion
reactors. The Wildcat produces electricity at a higher cost than does
Starfire and its fusion conditions are more difficult to obtain.
Alternate fuel concepts however, offer the promise of having more
attractive environmental and safety features than the D-T fueled fusion
systems. Consequently, the relative attractiveness of the D-T Starfire
and D-D Wildcat wz's expected to be determined mainly by the differences
in the areas of siting, licensing, and safety. This study examined
these aspects of the Wildcat and Starfire designs.

In the early part of the work the criteria to be used for making the
assessment of the Starfire and Wildcat design were defined. The key
features of the criteria are: the selection of a standard for the
comparison; the examination of the interrelationships among the siting,
licensin: and safety areas; and the identification of the key parameters
impact!'",;: siting, licensing and safety. During the study the data on
the enviironnental differences between Wildcat and Starfire wero compiled
and the assessment performed.

The asti:S3iient was performed utilizing existing regulations ant judgment
based on the history of the power generating indusry, rather LJ an on
"ease of licensing" numerical formulas, since such formulas do :ot
exist. Th-j conclusions represent the consensus of opinions of - group
of people experienced in power plant siting and licensing, and attempt
to provide utility feedsack to the fusion engineering community.

The results of the stud/ show that the environmental differences between
Starfira a.v3 Wildcat are more quantitative than qualitative. The most
notable: differences between the Wildcat and Starfire designs ar^ in the
amount of the environmental parameters to be handled. The type of para-
meters arc" how they are processed as well as the postulated accioents
are similrr for the two designs. Wildcat does appear to enjcy an edge
over St/t;ire as far as safety, siting, and licensing are concerned in
that b o - the "normal" and accidental radiation releases are lower for
Wildcat This paper will discuss these results and the environmental,
licens:. c,, and safety similarities and differences between the two
designs,

* This \ic:ck was sponsored by the Electric Power Research Institute.
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THE MIRROR FUSION TEST FACILITY

Victor N. Karpenko
Lawrence Liveraore National Laboratory

The Mirror Fusion Test Facility (MFTF) at Lawrence Liveraore National
Laboratory (LLNL) was conceived in 1976 as the first large airror
facility to address the issues surrounding airrer-fusion physics and
technology* In 1980, results froa the Tandea Mirror Experiaent (TMX)
were so proaising that the MFTF Project was upgraded to a tandea device,
MFTF-B. Now, after two years of alternative concept studies, the MFTF-B
has been reconfigured to the axicell aagnet array; this configuration
aatches aore closely the future Mirror Advanced Reactor Study (MARS)
design. Figure 1 shows an artist's concept of the MFTF-B vessel, cut
away to display the aagnet coils in the axicell configuration.

The MFTF-B provides a aagnetic-airror fusion device with a capability of
operating very near the scientific breakeven point (Q) for a deuteriua
and tritiua (D-T) fuel: Q « 1. That is, in a driven experiaent, the
fusion energy output froa the plasaa will be coaparable to the heating
input to the plasaa. However, in MFTF-B pure deuteriua will be used
rather than a D-T coabination; this experiaent will yield a D-T
equivalent of Q • 0.5 to 1.

The present configuration aeasures 58 a in length, including two
17-a-long end vessels (10.8 a in diaa) and the central cell (8 a in
diam). Within each end vessel is a yin-yang anchor aagnet with its two
centers pulled 40-a apart.

The facility has a aagnet array of 26 superconducting coils; each half
consists of yin-yang anchor coils, two transition quadrupole C-coils
inboard of each yin-yang, two high-field circular axicell coils, one
niobium-tin insert coil, and six 5-a-diam solenoidal coils in the central
region. The axicell region will produce between 6- and 12-T airror
fields on-axis; the solenoids will yield 1.6 T.

In MFTF-B cryopanel pumping reaches 4.7 K to yield gas particle densities
as low as 5 x 10? particles per cm^. The vacuum pressure has a base
value of 10~8 Torr and rises to 10*"° Torr outside the plasaa during
experimental plasaa operations.

During each experimental shot, 15 plasma-streaming guns aounted on each
end vessel provide a target plasma for neutral-beam charge-exchange or
ionization capture along the magnetic field lines. The 20-kV startup
neutral beams—five in each anchor region—inject deuterium into the
minimum magnetic field (1 T). There are two 80-kV, 0.5-s beams and one
80-kV, 30-s beam in each yin-yang region. In each axicell region there
is two 80-kV beams, one at 30-s and one at 0.5-s. Electron-cyclotron-
resonance-heating (at 28, 35, and 56 GHz) is used to raise the electron
temperature in each yin-yang anchor.

The central cell has ten 80-kV, 0.5-s pulse neutral beams to supply added
gas density. Heating in this region is supplied by ion-cyclotron-resonance
heating at a frequency near 17 MHz.
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The machine will run for 30 « with six 80-kV and two 40-kV neutral-beam
injectors to fuel, beat, and pump various regions of the confined
plasma. Radius of the plasma in the central cell will reach 30 cm. Most
of the fusion reactions will occur in this central region.

All systems are operated by an hierarchical control and data handling
system in a building separate from the nachine. The actual device is
supervised or controlled through touch panels on the computer operating
consoles in this building. Specifically, a subsysten diagram with
control blocks is displayed, permitting the operator to adjust levels,
throw switches, and set ranges by merely touching the console panels.
The supervisory minicomputers interface with local control
microcomputers, and the local-control computers communicate through fiber
optics links to CAMAC crates. At the same time diagnostics data from
each shot is sent through the shared memory to the distributed data base
in the nine-computer supervisory system, which includes two diagnostic
data processing minicomputers.

An overall availability goal of 70Z has been set for the total facility.
Subsystem availability requirements will include the effects of
maintenance, repair time, and spare parts inventory.

By the end of 1981, construction of the original single-cell machine
(MFTF) had progressed to allow integrated tests of several key systems
and specific technology demonstrations before the fabrication of MFTF-B
began early in 1982. These integrated tests included the magnet,
cryogenic, vacuum, fusion chamber (vessel), and local and supervisory
control systems.

Construction of MFTF-B is now 562 complete; it is due to be finished in
January 1986. Current status (*s of October 1982) indicates that
construction funds are 802 committed, and the operating funds that
include research and development Mre 302 committed. The total budget is
1400 million. The new axicell configuration will require development of
long-pulse neutral beams, gyrotrons, and the high-field 12-T axicell
coils.

Although a driven experiment, MFTF-B is a giant step—more than an order
of magnitude—from earlier magnetic-mirror experiments to a working
mirror-fusion reactor. It is expected that the Lawson criteria of
n * 10*^ cm~3 s will be nearly achieved for D-T equivalent operation,
thus reaching Q • 1 or scientific breakeven. The next step after MFTF-E
will be construction of an engineering test facility or a demonstration
reactor like MARS during the 1990s.

Fig. 1. Artist's concept of MFTF-B vessel.
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THE PRESENT STATUS OF THE JOINT EUROPEAN TORUS (JET) H.O. Wuster, The
Council of Ministers of the European Conununities in 1978 decided to
build the Joint European Torus (JET) as the principal experiment of the
Euratom fusion programme. To implement the project the JET Joint Under-
taking was formally established for a duration of 12 years.

The decision states that the JET Joint Undertaking's mandate is to
"construct, operate and exploit as part of the Euratom fusion programme
and for the benefit of its participants in this programme a large torus
facility of tokamak-type and its auxiliary facilities in order to extend
the parameter range applicable to controlled thermonuclear fusion experiments
up to conditions close to those needed in a thermonuclear reactor."

The members of the JET Joint Undertaking are: Euratom, all its associated
partners in the frame of the fusion programme and Ireland which has no
Contract of Association with Euratom.

The expenditure of the Joint Undertaking is borne ly Euratom 80%, and
the United Kingdom Atomic Energy Authority (UKAEA) 10%. The remaining
10% is shared between all Members other than Euratom having Contracts of
Association with Euratom in proportion to the Euratom financial partici-
pation in the total costs of the Associations.

The project Team is formed in part by personnel put at the disposal of
the Undertaking by the associated institutions other than the UKAEA, or
from other organizations, and in part by staff made available by the
UKAEA (Host Organization). The first are recruited by Euratom as temporary
agents: 150 such positions are foreseen in the Council decision. The
others remain employees of the UKAEA. Each Member having a Contract of
Association with Euratom undertakes to re-employ the staff whom it
placed at the disposal of the Project and who were recruited by the
Commission for temporary posts as soon as the work of such staff on the
Project has been completed.

It was decided that the device would be built on a site adjacent to the
Culham Laboratory, the nuclear fusion research laboratory of the UKAEA,
and the the UKAEA would act as Host Organization to the Project.

JET is a large tokamak (see Table I) with dimensions (minor radii
1.25 n> * 2.1 m D-shaped, major radius 2.96 m) within a factor 2 or 3 of
those expected in a future reactor. On completion JET will have a
greater performance capability than any other tokamak in the world.
Experimental results continue to indicate that by exploiting the full
performance capability of JET plasma, conditions approaching those of
thermonuclear ignition could be obtained. Such plasma conditions are
necessary for fusion reactor operation. Successful completion of the
JET programme should provide essential information on the reactor potential
of the tokamak system and is a prerequisite for the next stage of reactor
development.
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Two of the key technological issues in the subsequent development of a
fusion reactor will be faced for the first time in JET, i.e., the use of
tritium and the application of remote maintenance and repair techniques.
The physics basis of the post-JET programme will be greatly strengthened
if the experiments of the JET-generation of tokamaks (JET, TFTR (USA), and
JT-60 (Japan)) are successful. The way will then be clear to concentrate
on the engineering and technical problems involved in going from an advanced
experimental device like JET to a prototype power reactor.

Table I
Main JET Parameters

Plasma minor radius
(horizontal) a

Plasma minor radius
(vertical) b

Plasm* nt&jos ndius R o

Flat top pulse length
Weight of the vacuum vessel
Weight of the toroidal field

coils
Weight of the iron core

Toroidal field coil power
(peak on 13 s rise)

Total magnetic field at
plasma centre

Plasma cunenr.
circular plasma
D-shape plasma

Volt-seconds available to
drive plasma current

Additional heating power

l-25m

2 1 0 m

2%m
20s

1081

3841
28001

Basic*

250 MW

2-8 T

2-6 MA
3-8 MA

25 Vs
5MW

FullDeafn*

380 MW

3-5 T

3-2 MA
4-8 MA

34 Vs
25 MW

*Basic performance refers to that mode of operation characterized by
the parameters given. A staged increase of the power supplies will
make possible the mode of operation referred to as full design performance.
This refers to that mode of operation which seeks to exploit the full
design capability of the machine. Additional funds will be required for
the full design performance.
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CONSTRUCTION OF THE TOKAMAK FUSION TEST REACTOR

J. W. French, L. E. Shaw, B. Fedor, M. Sabado
Ebasco Services, Inc.; Princeton, New Jersey

The Tokamak Fusion Test Reactor (TFTR) achieved first plasma
operation at 3:00 a.m. December 24, 1982. This represented the
culmination of a program launched in 1975 and a construction
project initiated in 1976 at the Princeton Plasma Physics Labora-
tory. The program included, as major participants, an agency of
the Federal Government, a major research laboratory, and a major
industrial subcontractor consisting of an Architect Engineer -
Aerospace Manufacturing team.

The paper reviews the project in three significant phases - Con-
ceptual/Preliminary design; Final Design/Procurement; and Install-
ation/Assembly. Project organization and responsibilities of all
participants is described as it grew and changed during each phase
of the program. A brief discussion on Management Philosophy and
control including Budgets, Schedules, Costs and Funding is also
included.

Discussion of the initial phase of the project highlights key
initial design issues, physics vs. engineering tradeoffs, design
approval and control, and related research and development programs
conducted under the project.

Discussion of the Final Design/Procurement phase focuses on engi-
neering evolution and design changes including selected component
problems and materials development peculiar to Fusion devices and
elements of design/procurement control generic to large construction
projects. Also cited are specific examples chosen from among the
400 subcontracts which comprised some 150 million dollars of hardware
and services for TFTR.

The installation assembly phase of TFTR is described in its signifi-
cant operations including assembly plans and methods; the role of
craft labor in construction of the device, and the problems inherent
in large component-close tolerance construction where "time is of the

A general evaluation of original technical cost and schedule objectives
versus actual experience is included. The program is reviewed in light
of this experience and a summation of "lessons learned" is presented.
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JT-60 AND ITS PRESENT STATUS

M. YOSHIKAWA

Japan Atomic Energy Research Institute
Naka-machi, Naka-gun, Ibaraki-ken, Japan

Under the long-term plans of the Atomic Energy Commission, Japan Atomic
Energy Research Institute is carrying out a fusion program in Tokamak ap-
proach, which constitutes the mainline of Japanese fusion program. As a
centerpiece of the program, the JT-60 Project aims at achieving the break
even plasma condition and making an integrated assessment of plasma physics
and fusion technologies at this stage. In this program JT-60 is designed
to be a non-DT large Tokamak device, while research programs on alternative
concepts and development programs of fusion technologies are conducted in
parallel. Features of JT-60 are as follows: (1) circular plasma cross
section with high equilibrium beta limit of 4Z, (2) long pulse capability
of 5-10 sec, (3) installation of a magnetic limiter, (4) high-power supple-
mentary plasma heating by neutral beam injection (NBI) at 20 MW (net) and
radio frequency (RF) at 10 MW (net). Both LHRF and ICRF heating will be
applied and part of the LHRF power will be applied for current drive, and
(5) preparedness for the studies of first wall materials and plasma-wall
interactions.

Construction of JT-60 was started in April 1978 and is in progress. Two of
its major buildings, the control and the power supplies building are com-
pleted, and one of the three motor-generators is being installed. The as-
sembly of the Tokamak machine will start in early 1983 and JT-60 as a whole
will be completed in March 1985. The prototype unit of the neutral beam
injection system was completed and successfully operated at full rating
and the klystrons for the LHRF power system are being developed and tested.
Fabrication of the JT-60 NBI and RF heating systems will start in 1982, and
they will be ready for operation at full power in 1986. As for the diag-
nostic system an order was placed for all subsystems and their fabrication
is in progress.

The full paper will describe the mission and scientific objectives of JT-60
as well as its design and technical issues. The present status of con-
struction, development, organization and manpower allocation and the exper-
imental plan are also presented in more detail.
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ALTERNATE FUELS IN FUSION REACTORS

D. Dobrott
Science Applications, Inc.
La Jolla, California 92038

The use of fuels in fusion reactors that are based on fuel cycles other than
the conventional d-t cycle has been strongly advocated because of apparent
safety and environmental advantages (see, for example, Ref. 1)* Such fuel
cycles include the deuterium-based fuels, with the d-d and d- He reactions,
and the proton-based fuels, with the p- Li and the p- B reactions. To
determine the potential of these alternate fuels for fusion reactors,
assessments are required of the relevant physics, engineering, cost and
safety issues. In addition to these general issues, there are specific
attributes that impact the assessment of each fusion concept.

Detailed studies of some or all of the key issues have been carried out for
the tokamak (Refs. 2,3), the tandem mirror (Refs- 4,5), the reversed-field
pinch (Refs. 6*7), for reactors fueled by d-d or d- He and for the multipole
fueled by p- B (Ref. 8). The general conclusion one may draw from these
studies is that alternate fuels, because of their reduced reactivity, place
more stringent requirements on the plasma core. For example, reactivity
enhancement, that may occur naturally by nuclear elastic scattering or large
angle Coulomb collisions or may be induced by the polarization of nuclei,
will probably be a requirement for p-based reactors for plasma core power
balance alone (Ref. 8). Study on the appropriate reaction kinetics is
continuing. Plasma size, magnetic field strength and particularly pJLasma
beta tend to be larger for d-d reactors than for d-t. The cost of d-d
reactors is considerably reduced with increasing beta (Ref. 3). For betas of
15%, the cost of a d-d tokamak reactor is comparable to that of STARFIRE
(Ref. 2). The impact of high beta on plant availability is a subject of
continued study.

Certain technical advantages, such as the fact that a d-d reactor may not
require tritium breeding, tend to off-set the apparent physics disadvantages.
For example, in addition to the higher neutron energy multiplication in the
blanket, a conceptual design of a high temperature blanket has been suggested
(Ref. 3) so that the reactor plant requires no steam generator. Generally
speaking the results indicate that d-d first wall and blanket will last for
the life of the plant. Similar technical flexibility is suggested in recent
studies (Ref. 9) of combined d-d and d-t operation to reduce tritium breeding
requirements.

A preliminary systems study of a d-d tandem-mirror reactor (Ref. 4) suggests
that a magnet system may be utilized with no more stringent requirements than
that being currently considered for a d-t reactor. Compact reversed-field
pinch reactor studies (Ref. 6), optimized to cost, suggest the cost of
electricity for such d-d and d-t reactors is comparable.

Expected environmental and safety advantages of fusion reactors operating on
alternate fuels do occur. However, care must be taken to achieve these
advantages. In addition to these safety issues, system studies suggest that
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alternate fueled reactors may offer a technological alternative to the
conventional fusion reactors.
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VIABILITY OF THE nB(p,a) 2a CYCLE

J. D. Gordon, T. K. Samec, S. A. Freije, B. I. Hauss, TRW Energy Development Group

The proton -11boron advanced fuel fusion cycle has been studied for several
years. The motivation for this work has been the very low neutron yield of
this fuel and the goal of developing a fusion cycle with minimum direct and
induced radioactivity. The principal questions to be addressed are whether
the fuel is capable of ignition or high gain operation and whether the radio-
activity associated with the cycle is indeed insignificant.

For a Maxwellian ion energy distribution, the p- uB cycle is not sufficiently
reactive for commercial reactor operation. The fusion product alpha particles
(1.5 - 5.8 MeV) interact with the proton background to drive a non-Maxwellian
hot ion tail. The effect of this tail is to enhance the cycle reactivity
above the Maxwellian averaged value. The amount of proton promotion and
thus, the amount of reactivity enhancement, are key to obtaining viable cycle
energetics.

The amount of reactivity enhancement has been estimated by various researchers
(1-3) with results ranging from a few percent to as high as 70%. The
reason for these variations is the difficulty of the calaculation and the
number of physical processes that must be included. We have performed
Monte Carlo calculations that show that the enhancement is less than 10%
and believe these to be definitive.

Analysis of the p - n B cycle for ion temperatures of 200 to 300 keV and
ratios of protons to B between 5 and 10:1 has been calculated with and
without synchrotron losses. The amount of reactivity enhancement that is
required for p-1JB ignition is a vital quantity that must be understood to
quantify the importance of new physics effects in making the p-11B cycle
energetically viable. A lower bound on the required enhancement was
found to be 100 percent if synchrotron losses are neglected and 135 percent
when synchrotron losses are added. For all of the plasma conditions evaluated,
the equilibrium electron temperature is about a factor of two below the
ion temperature demonstrating that a hot ion burn mode can be maintained.
Also, the ratio of fusion power to bremsstrahlung or bremsstrahlung
plus synchrotron (Q) does not approach unity. At least a factor of two
increase in reactivity would be required for ignition. The synchrotron
results are for an electron energy confinement time of 12 seconds.
Inclusion of this loss mechanism lowered the cycle gain, Q, by about 60%.
This result demonstrates the importance of synchrotron losses for high
temperature advanced fuels even for the conditions of high beta, large nx,
and high wall reflectivity. These data lead us to the conclusion that
reactivity enhancements on the order of 50% are not sufficient to make
the cycle viable for commercial energy production.

Detailed synchrotron losses have been calculated for p-^B fuel with
multipole confinement. For the multipole, an equal current octupole
configuration was used with Te - 160 keV, ne 2 x 10

14 cm"3, B s e p - 7T
and the density and temperature parabolic in magnetic flux. The engineering
beta for this device is greater than 60%. The radiation cooling time was
found to be 12 seconds with a wall reflectivity, r, of 90%. To put these
results in perspective, spontaneous emission in a 7T field causes the
electrons to cool with a 50 ms time constant. In the octupole configuration,
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the weak field over the bulk of the plasma volume increases the tine
constant by a factor of 12 to 0.62 seconds. Including reabsorption
of the radiation in the plasma causes another factor of 8 increase in the
cooling time to 4.9 seconds. Finally, we estimated that the cooling time
would be about 30 seconds if a 99% wall reflectivity could be obtained.
Because of holes for fueling, heating, limiters and other in-vessel
components, there will be some direct loss of synchrotron radiation.
In addition, the loss spectrum is peaked at wavelengths less than 0.1 mm.
Maintaining high reflectivity at these wavelengths may be difficult.

Neutrons and radioactive fusion products are produced primarily through
the reactions

p + U B •*• n + n C

o• + n B •* n + 1£*N.

The fraction of energy released as neutrons is only 0.16%. However,
this level is sufficient to cause significant structural activation.
With a steel or titanium first wall, hands-on maintenance is not possible.
Limited hands-on maintenance (45-day wating period and 20 hour exposure
period) is possible with a TZM wall. Another radiological hazard is
production of n C . The short half-life, 20.38 minutes, causes an
equilibrium activity of 1.7 x 106 Ci/GWf. Release of all of this
activity would be a severe hazard. However, only 5% of the C is
present in the plasma, the remainder is embedded in the first wall,
limiters and vacuum system surfaces. The reactor design must limit the
vulnerable 1 ]C to that present in the plasma and eliminate mechanisms that
could cause release. We conclude that the radiological hazard of the cycle,
while being orders of magnitude lower than that of P-T, still requires
serious consideration in the reactor design.
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STREAMING AND SHIELDING ANALYSIS
FOR THE NBI SYSTEM OF TDF

M.E. Sawan
University of Wisconsin

Department of Nuclear Engineering
Madison, Wisconsin 53706

Fusion reactors are required to accommodate a variety of penetrations. Proper
shielding is required to protect the vital components in the penetration from
excessive radiation damage caused by radiation streaming. Different
penetrations exist in the Technology Development Facility (TDF) tandem mirror
fusion device. A major penetration in the central cell, where most of the
fusion neutrons are produced, is the neutral beam injector (NBI) duct which
has a duct opening size at the first wall of 0.3 m x 0.6 m. There are four
such penetrations at each end of the central cell and they must fit between
the central cell solenoids. Radiation streaming can lead to adverse effects
in the superconducting magnets and hence, it is essential to provide
sufficient shielding between the duct wall and the magnets. In this work,
detailed streaming and shielding analysis for the NBI system of TDF is
presented.

The MCNP continuous energy coupled neutron gamma Monte Carlo code was used to
model the reactor geometry. The neutron source was sampled from the neutron
linear source density distribution along the machine axis. The source density
was normalized to a central cell neutron wall loading of 2 MW/m at a radius
of 0.25 m. A trapping surface was located at the entrance surface to the NBI
duct. At this surface all particles entering the duct were counted according
to energy and angle bins. The results were stored to serve as source
distributions in later modelling of the NBI duct itself. Cross section data
based on ENDF/B-V were used in the calculations. 3.1 x 10 neutrons and
5.6 x 10 gamma photons were found to stream per second into the duct with
average energies of 6.9 and 1.44 MeV, respectively. The angular distribution
of streaming radiation reveals that a large fraction of it will go directly
towards the ion source at the end of the duct.

Fig. 1 gives the geometrical model used for modelling the NBI system in TDF.
Only the corner of the central cell solenoid, which has the largest radiaton
effects from streaming particles, was modelled* The magnet case, cryostat and
vacuum vessel surrounding the winding pack have a total effective stainless
steel thickness of 0.125 m which was modelled in the calculation. The shield
consists of 56 v/o Fe-1422, 26 v/o B4C, 14 v/o Pb and 4 v/o H20. The option
of replacing Fe-1422 by tungsten in the 0.35 m thick shield zone at the magnet
corner was considered to provide adequate magnet shielding. The deflection
magnet, aluminum cryopanels and 0.05 m thick superconductive shield were
included in the model. The MACOR insulator in the ion source is concealed
from direct line of sight of neutrons by an effective 0.1 m thick stainless
steel structure. An extra 0.1 m thick tungsten shield, with holes allowing
for the beams to go through, is used to provide adequate radiation protection
for the MACOR. The NBI system model, together with the neutron and gamma

141



surface sources at the duct opening, were used in the three-dimensional Monte
Carlo calculation. An angular source biasing technique was used to provide
statistically adequate estimates of the quantities of interest. An MCNP run
of 50,000 histories was carried out resulting in statistical uncertainties
less than 20%.

Winding Magnet c u e
c i y o * u l

SiipcicuiKJuclivc Ncatnm 'ttKot*
shield /shield / in source

X(m)

Sieel Tungsten Duel From Deflection Ron Sluil sum:luce Icon
shield skidd lining ciyopucl nugnei cryopuni in ion sowee cap

Fig. 1 Geometrical Model for the NBI System in TDF

The shielding requirements for the superconducting central cell solenoids are
determined by a number of radiation limits. The dpa rate in the copper
stabilizer should not exceed 5.5 x 10~5 dpa per full power year (FPY). The
radiation dose in the polyimide insulator should not exceed 5 x 10 rad after
an estimated reactor lifetime of 5.4 FPY. The limit on the peak heat load is
considered to be 0.06 mW/cm . Since in this analysis only radiation effects
resulting from radiation streaming into the NBI duct are considered, a factor
of two lower radiation limits are required to allow for the extra contribution
through the magnet bulk shield. Using tungsten shield over a length of 0.6 m
of the duct at the magnet corner (option III in Fig. 1)- was found to provide
adequate magnet shielding. Acceptable values for the peak heat load in the
superconductive shield and aluminum cryopanels of 0.47 and 0.96 mW/cm ,
respectively, were obtained. The dose rate in the MAC0R insulator of the ion
source was found to be 2.17 x 10b rad/FPY implying that it will last 2.77 FPY
as far as radiation is concerned. In conclusion, the NBI penetration shield
design in TDF will provide adequate protection for the central cell
superconducting magnets and other vital components in the system.

Funding for this work was provided by the U.S. Department of Energy.
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ASSESSMENTS OF TRITIUM BREEDING REQUIREMENT AND BREEDING
POTENTIAL FOR THE STARFIRE/DEMO DESIGN

J. Jung and M. Abdou
Argonne National Laboratory
9700 S. Cass Ave., Bldg. 205

Argonne, IL 60439

This paper presents assessments of tritium breeding requirement and breeding
potential for the STARFIRE/DEMO design.^1 ' The lithium-containing materials
studied include: two solid breeders, Li20 and a-phase LiAlO-; and two liquid
breeders, lithium and 17Li-83Pb.

(A) Tritium Breeding Requirement

The requirement for tritium breeding ratio (BR) that must be attained in the
blanket exceeds unity and may be written as:

BR = 1 + A + B

The determination of A involves basically four parameters for a given fusion
power system; (1) blanket tritium inventory, Iv; (2) processing system tritium
inventory, I ; (3) fractional fuel burnup, fb; and (4) doubling time, t^. B
depends on computational uncertainties associated with the currently available
techniques for the evaluation of BR. These include possible errors and/or un-
certainties in: (1) transport method; (2) geometrical simulation; (3) nuclear
data; and (4) incompleteness of design definition.

It is difficult to make a precise prediction of A at present. One of the
major uncertainties is associated with the blanket tritium inventory,
particularly in solid-breeder blanket designs. An attempt is, therefore, made
to evaluate A based on desired design goals. The doubling-time goal is
obviously related to the future growth rate of fusion power economy. The
historical growth of the power industry has shown a t. of — 10 y. Safety
considerations concerning tritium hazard suggest that the tritium inventory be
kept less than - 10 kg in any single tritium-bearing system of power plant,
i.e., both 1^ and I < 10 kg. For a fractional tritium burnup in the plasma
(ffe) of > 5%, td ~ lOy, and total tritium inventory < 10 kg, A is - 0.01.
Much lower values of f, and/or larger values of tritium inventory lead to
rapid increase in A. According to a recent study,^ ' the B shown above is
estimated to be 5 to 6% in order to compensate for a possible shortfall in
tritium breeding due to the combined effects of uncertainties in design
definition, calculations and nuclear data. These considerations lead to a
tritium breeding requirement of BR > 1.06 that must be achieved in the
neutronics evaluation using the state-of-the-art calculations and data for a
well-defined engineering design.

(B) Tritium Breeding Potential

Table ; shows the BR's obtained with the STARFIRE/DEMO configuration for four
candidate breeders. The computation is based on a three-dimensional Monte-
Carlo method by MORSE-CG. Each breeder has been examined for two blanket
systems; full breeding blanket (Case-A); and no inboard breeding with the
liraiter penetration through the outboard breeding blanket (Case-B).
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Table 1.
Tritium Breeding Ratio with and without Inboard Blanket and Liititer

Full Blanket Coverage,
No Penetrations (Case-A)

No Inboard Blanket,
Limiter Penetration
Included (Case-B)

Liquid Breeder
Lithiima 17Li-83Pbb

1.25

1.09

1.48

1.26

Solid Breeder
Li2O

a LiA102
C

1.19

1.06

0.88

Natural enrichment.^
b90% %i enrichment.
c60% Li enrichment (no neutron multiplier).

The highest breeding potential is offered by 17Li-83Pb with BR's of 1.48 in
Case-A and 1.26 in Case-B. These margins are large enough to judge tritium
breeding feasibility with 17Li-83Pb to be almost certain. The BR's for liquid
Li are 1.25 (Case-A) and 1.09 (Case-B) indicating that the risk of attaining
the breeding feasibility is also low to medium. The BR for Li20 is 1.19 for
the full breeding blanket while the breeding margin in excess of unity becomes
somewhat marginal (— 0.06) upon the implementation of the non-breeding inboard
blanket as well as the liraiter system. Beryllium can be used to enhance
their tritium breeding capability. However, the Li20 blanket designs without
neutron multiplier deserve further elaboration for more precise breeding eval-
uation. The effort is vital to the ultimate decision on whether the inboard
blanket should be utilized for tritium production or not. Evidently the
LiAlOo system cannot meet the BR requirement without use of a neutron multi-
plier. A study of neutron multipliers shows that beryllium is the only non-
fissionable material capable of significantly enhancing the breeding potential
of LiAlO^ (and all other solid breeders). There are a number of serious
issues concerning the use of beryllium in fusion reactors. The most important
of these are the limited resources and toxicity.
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MONTE CARLO CALCULATIONS OF NEUTRON AND GAMMA-RAY ENERGY SPECTRA
FOR FUSION REACTOR SHIELD DESIGN: COMPARISON WITH EXPERIMENT*

R. T. Santoro and J. M. Barnes
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

Integral experiments that measure the neutron and gamma-ray energy
spectra resulting from the interactions of 14-MeV neutrons in
materials being considered for use in fusion reactor shields have
been performed at the Oak Ridge National Laboratory. The purpose
of these experiments is to provide measured data for verifying the
radiation transport methods and cross-section data that are being
used in the nuclear design calculations for fusion reactors.
This paper compares measured and calculated neutron and gamma-ray
spectra as a function of the thickness and composition of Type-304
stainless steel and borated polyethylene, an-i as a function of
detector location behind these materials. The calculated data
were obtained using the Monte Carlo code MCNP.1

The experiments were performed using M.4-MeV neutrons produced
from the interactions of 250-keV deuterons in a 4 mg/cm2-thick
titanium-tritide target via the D-T fusion reaction. Neutron
and gamma-ray pulse-height distributions were measured using an
NE-213 liquid scintillator with pulse-shape discrimination
methods to isolate neutron and gamma-ray events in the detector.
Neutrons with energies greater than 850 keV and photons with
energies greater than 750 keV were measured and normalized to
the absolute neutron yield from the target determined by asso-
ciated particle counting methods. The neutron and gamma-ray
energy spectra were resolved from the measured pulse-height
spectra using spectral unfolding methods with neutron and gamma-
ray response functions determined from measurements at the
Oak Ridge Electron Linear Accelerator.

For the calculations the experiment was modeled in a two-
dimensional cylindrical geometry with symmetry about the
deuteron beam-tritium target axis. This geometry was selected
so that direct comparison could be made with a previous analysis
of the experiment by the discrete ordinates method, which is
limited to two dimensions. The experimental facility was con-
structed so that two-dimensional analyses could be made.

The Monte Carlo code MCNP used in this work is a general-purpose,
continuous energy, generalized geometry, time-dependent, coupled
neutron-photon transport code. ENDF/B-V transport cross sections
were used to simulate the materials comprising the experiment.
The cross-section data were treated in considerable detail in
grids that are continuous in energy and tailored for each
isotope, whereas for the analysis reported in Ref. 2 multigroup
cross-section data were used. The calculations take into account
the angle-energy distributions of the neutrons emitted from the
D-T reactions in the target and include appropriate sampling
techniques to track particles emitted in the forward and backward
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directions. The neutron and gamma-ray fluences were calculated
using point estimators with Russian Roulette and particle
splitting to reduce the variance of the calculated fluxes.

The measured and calculated neutron and gamma-ray energy spectra
are compared for three shielding configurations ranging from
15 cm of SS-3O4 to 45.7 cm of SS-304 plus 10.2 cm of borated
polyethylene. The spectra calculated using MCNP are also com-
pared with the spectra calculated using the discrete ordinates
radiation transport methods. The differential and integral
neutron energy spectra calculated using the MCNP Monte Carlo
code agree with the measured spectra within Vj to VjO%, depending
on neutron energy, and are in similar agreement with the data
calculated previously. Similar agreement is also observed among
the differential and integral gamma-ray energy spectra.

These results demonstrate the merits of the Monte Carlo method
for analyzing radiation transport in fusion reactor shields and
they provide a basis for comparing the relative merits of the
discrete ordinates and Monte Carlo methods.

REFERENCES

1. "MCNP - A General Purpose Monte Carlo Code for Neutron and
Photon Transport," LA-7396-M (Rev.) Version 2B, Los Alamos
Monte Carlo Group, Los Alamos National Laboratory (1981).

2. R. T. Santoro, R. G. Alsmiller, Jr., J. M. Barnes and
G. T. Chapman, "Calculation of Neutron and Gamma-Ray
Energy Spectra for Fusion Reactor Shield Design:
Comparison with Experiment," Nucl. Sci. Eng. 78, ""
259 (1981).

Research supported by the Office of Fusion Energy,
U.S. Department of Energy, under Contract No.
W-7405-eng-26 with Union Carbide Corporation.

146



LOW COST SHIELD FOR TOKAMAK FUSION REACTORS

Y. Gohar
Argonne National Laboratory

9700 South Cass Avenue
Argonne, IL 60439

The development of a low cost shield for Tokamak fusion reactors has evolved
from a strong incentive to reduce the capital cost of the shield system which
represents 8 to 16% of the total direct cost and the desire to improve the
reactor maintainability and performance. Based on this motivation, a shield
system for the Demonstration Tokamak Fower Plant (DEMO)^1' was optimized based
on cost with the constraints of performing several functions and satisfying
the design constraints. The main function during reactor operation is to
reduce the neutron and photon leakage intensities from the shield to: a)
protect the different reactor components from radiation damage and excessive
nuclear heating, b) reduce the neutron reaction rates in the reactor
components which produce undesirable radioactive isotopes, and c) protect the
worker and the public from radiation exposure. Another requirement is to
attenuate the decay gamma rays to permit persononel access to the reactor
building with all shields in place within one day after shutdown. The
personnel access to the reactor building significantly reduces the reactor
downtime and the capital cost of the remote equipments required for
maintenance.

The material selection for the shield system developed from the tradeoff
analyses and the results of the previous designs*' »'. The selection of the
reference materials is based on cost, resource, and performance. The
reference shield system has a 68% ordinary concrete, 9% lead, 6% boron
carbide, 7% Fel4Mn2Ni2Cr steel alloy, and 102 water by volume. Ordinary
concrete and water are the main shielding materials for the outboard and
penetration shield. Water and Fel4Mn2Ni2Cr steel alloy are the coolant and
structural material for the whole shielding system. Also, Fel4Mn2Ni2Cr is
employed for the inboard shield wehre a material with high shielding
performance is required. The low concentration of nickel and chromium
motivated the use of Fel4Mn2Ni2Cr steel alloy. Low nickel concentration
reduces the dose equivalent after shutdown and the production of long-lived
isotopes. Low chromium concentration is a desirable feature to minimize the
consumption of strategic materials. Boron carbide is employed in small
amounts as a neutron absorber to reduce the activation in the reactor
components and structure materials. A density factor of 0.7 is used for the
boron carbide to avoid the fabrication cost required for higher density. Lead
is used as a gamma ray attenuator at the outer most surfaces of the outboard
and penetration shield to reduce the dose equivalent in the reactor building
after shutdown. Since the contribution to the dose equivalent comes
essentially from the 5 to 15 cm of materials located at the outermost region
of the components located in the reactor building. The inboard blanket and
shield thickness is 1.1 m. This thickness includes 7-cm vacuum gap and 27-cm
Li20 blanket. The outboard shield is 200-cm behind a 50-cra Li20 blanket. The
penetration shield for the vacuum lines and the relativistic beam ducts has
the outboard shield composition with a thickness varying from 60 to 95 cm.

The inboard shield composition and arrangement were optimized to achieve
maximum protection for the TF coils constrained by the use of low cost
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materials. Table 1 gives the maximum radiation response parameters for the
reference design based on 2.12 MW/m2 neutron wall loading and 21.2 MW-y/mz

integrated neutron wall loading at the first wall. The first four zones of
the outboard shield were designed to perform several functions: a) protect
the ordinary concrete against radiation damage, b) act as a neutron reflector
to enhance the tritium breeding ratio and energy multiplication factor, and c)
reduce the average neutron energy entering the concrete shield to minimize the
production rate of long-lived Isotopes which are generated mainly by high
energy neutrons such as (n,2n) (n,p), and (n,a). The maximum nuclear heating
in the ordinary concrete is ~ 1 mW/cm3 which satisfy the design criterion for
protection "gainst loss of water, temperature effects, radiation absorption
effects, and thermal stress conditions. The activation analysis shows that
about 95% of the outboard shield is classified as a low level waste at the end
of life based on the radioactivity concentration. The cost of this shield
system is ~ 80% less than the cost of equivalent traditional steel and boron
carbide shield.
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Table 1
Maximum Response Parameters for the Reference Design Based on 2.12 MW/m
Neutron Wall Loading and 21.2 Mtf-y/m2 Integrated Neutron Wall Loading at

the First Wall

Fluence in the superconductor material, E > 0.1 MeV, (n/cnr)
Induced resistivity in the copper stabilizer (fl'cm)
Atomic displacement in the copper stabilizer, (dpa)
Nuclear heating in the superconductor material, (W/cm )
Nuclear heating in the magnet case, (W/cm3)
Nuclear heating in the magnet including the case, (W/cm)
Dose in the insulator, (rads)
Nuclear heating in the ordinary concrete (W/cnr)
Dose equivalent in the reactor building, (mrem/h)

during operation
one day after shutdown

one week after shutdown
Dose equivalent outside the reactor building during
operation, (rarem/h)
Neutron flux at the outermost surface of the outboard
shield, (n/cmZ#s)
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7.05
5.30
3.59
8.67
4.63
4.18
1.05
1.15

2.51
0.41
0.36
0.10

1.37
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X

X
X
X

X

X

X

X
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MONTE CARLO NEUTRONIC ANALYSIS FOR THE TFTR LITHIUM BLANKET MODULE*

B. A. Engholm
General Atomic Company

P.O. Box 81608, San Diego, California 92138

The Lithium Blanket Module (LBM) program, which is funded by Electric Power
Research Institute (EPRI) and directed by Princeton Plasma Physics Labora-
tory (PPPL), has as Its objective the testing of a reactor-relevant Li2O
blanket module in the tokamak fusion test reactor (TFTR), during D-T as well
as D-D operation. This paper will report on the neutronic analysis associ-
ated with the LBM final design. Reference 1 presents a description of the
LBM preliminary design, including the neutronic analysis.

Neutronics objectives in the LBM final design included implementation of
coupled Monte Carlo techniques, further perturbation (sensitivity) studies
to validate the TFTR/LBM geometric model, cell calculations to evaluate
streaming, and dosimeter foil response calculations.

Los Alamos recently developed a surface-source version of their MCNP Monte
Carlo code^ which can be used for coupled calculations; it is named MCNPS.
The TFTR/LBM configuration is ideally suited to this type of treatment,
because one would like to perform repetitive detailed calculations on the
L±2O module itself without having to run the entire TFTR geometry each time.
Therefore, the problem was divided as shown in Figure 1, with a long initial
run to generate the neutron sources on the LBM surfaces, followed by shorter
runs to obtain detailed fluxes, tritium production rates, and foil responses
inside the module.

Another variation of MCNP, called MCNPERT, has been utilized to perform
sensitivity studies on the TFTR/LBM system. This version of the code han-
dles two or three problem variations simultaneously. For instance, the
effect of a shield wedge at the side of the LBM was investigated. The code
runs all histories once, except for cases where a neutron enters the wedge
region. This history is then run twice: once with the wedge region empty,
and once with the region occupied by shielding material. The resulting tal-
lies provide the effect of the perturbation to a high degree of accuracy,
along with the fractional standard deviation (FSD) of the difference, and a
considerable saving in running time is realized. Perturbations investigated
include wedges, a neutral beam port, stiffener rings, vacuum vessel thick-
ness, presence of igloo shield, etc. An interesting result was that adding
NB ducts to both sides of the module decreased tritium production in the LBM
by only 5%. Hence, the problem of asymmetry caused by the presence of an NB
duct on only one side is minor, compared with the overall calculational
uncertainty goal of 15Z.

*Work supported by the Electric Power Research Institute, Research Project
1748, under subcontract S-01778A from Princeton University Plasma Physics
Laboratory.
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Cell calculations on the LBH were directed at evaluating streaming in the
tricusp channels between the L^O rods, and possible flux depressions caused
by foil holders. The streaming calculation consisted of a comparison of a
heterogeneous cell with a homogenized cell. Little or no difference in
fluxes or tritium production was observed. In the case of the foil holder
calculation, the concern was the amount of steel associated with the foil
holder and the threaded joint in the rod. The results indicate a flux
depression of 15Z at most, an effect which can easily be corrected in the
measurement/analysis program.

The LBH neutronic analysis will be continued during the fabrication phase in
1983, with Increasing emphasis on preanalysis and other preparation for the
measurement program in 1985-6.
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THE WALL TRITIUM CONCENTRATION AS A FACTOR IN
FUSION REACTOR HALL DESIGN*

P. A. Finn and R. A. Leonard
Argonne National Laboratory

M. L. Rogers and C. J. Sienkiewlcz
Monsanto Research Corporation-Mound Facility

For the study of tritium contamination of the FED/INTOR reactor hall,[l] experi-
mental evidence on the extent of tritium soaking, i.e., buildup of surface
tritium concentration, was not available. The calculational models used, TSOAK-
Ml [2] and one derived for concrete,[3] indicated that the walls could be a
significant source term, especially in the case of concrete. In addition, the
size and type of atmospheric detritiation system used, the nature of the building
structure (concrete or metal liner), and the type of worker protective clothing
required are influenced by the surface tritium concentration.

Calculations indicated the following behavior. A concrete wall could serve as
a sink for tritium leaks present in the fusion reactor hall. Outgassing from
the wall would occur even after removal of the leak. Metal surfaces would also
have a surface tritium concentration; however, outgassing should not be a
problem. Workers within the reactor hall would require protective clothing,
both with concrete walls and with metal walls. Therefore, it was considered
advisable to confirm the calculational results with experimental data.

A study was begun which will correlate the surface tritium concentration and
atmospheric tritium levels. The surface concentration will be measured as a
function of tritium concentration, of tritium form (HT and HTO), of material
composition, and of time in contact with tritium. Surveys will be taken of
surface contamination levels in hoods, gloveboxes, rooms, etc., after exposure
to known tritium releases. The effect of extended exposures to a range of
constant tritium levels will also be determined. The data will be compared to
that predicted from calculational models, TS0AK-M1 [2] and one for concrete.[3]

Preliminary results obtained were the following. The average surface concen-
tration within three large-size tritium processing gloveboxes containing HTO
at an atmospheric concentration of ^ 980 pCi/m3 was 320 jiCi/m2. The maximum
surface concentration was 650 yCi/m2. For a reactor hall the size of FED/
INTOR (y 1.5 x 105 m3) , this is equivalent to a total wall concentration of
6-12 Ci. The calculated value [2] at atmospheric levels of 500-900 yCi/m3

(HTO) was ^ 12 Ci. As seen, the agreement between experimental and calculated
data is good. However, this represents the best case scenario for a FED/INTOR
reactor hall, i.e., a non-permeable metal liner on all the reactor walls. The
worst case was that for bare concrete walls. The complete results of this
survey plus the model predictions should indicate the options possible for
fusion reactor hall design.
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TRANSIENT TRITIUM TRANSPORT IN A SOLID BREEDER-BLANKET

D.R. Hanchax and M.S. Kazimi

The environmental acceptability of presently conceived DT fueled fusion

power plants Kill depend in large part on the ability to contain and handle

tritium within the reactor building and to control tritium releases to the

environment without incurring exorbitant costs. In order to analyze the time

evolution of the blanket tritium inventories beginning with reactor start-up,

a transient tritium permeation model was developed. The proposed model is

perhaps the first attempt at providing an analytical method for calculation

of the time-varying concentration of the tritium in various subsystems of a

simplified conceptual fusion reactor design.

The major design features depicted in the model are a solid breeder, a

low pressure (helium) purge gas in the blanket, and a high pressure (helium)

primary coolant. The bred tritium is assumed to be in the form of gas atoms

inside the breeder pellets, where its transport is influenced by both diffusion

and solubility effects. However, a simplifying assumption of separability

of the two effects for the solution to the blanket tritium concentration, was

made in the mathematical formulation of the model. Consequently, the diffusive

hold-up of tritium must dominate over that which is held in equilibrium solution.

The average pellet concentration ^C (x,t)\ is then given by:

<Ov{r,t)> - Gsol(t) + £ f
0 IT n=l

where S. is the tritium generation rate per unit volume, D, is the diffusion

coefficient and r is the pellet radius. The time dependence of the solubility

concentration G ,(t) is determined from a transient mass balance on the purge

gas system.

The model was applied to a blanket representative of the STARFIR3-Interim

Refernce Design. A LioO breeder tritium inventory on the order of grams was

calculated from the model, when the pellet radius for the LipC was taken to be

10 J cm. The breeder pellets reach their steady-state tritium content in approx-

imately l.k x 10 sec from system start-up, assuming continuous full power
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operation. Hence, this relatively short time (« 4 hrs) is unlikely to lead to

any substantial effect on tritium storage requirements.

Several other solid lithium compounds were considered for comparative

purposes. As more experimental data become available, the results for breeder

tritium inventories as shown in the accompanying figure will necessarily be

revised. In general, increasing the solid breeder pellets' operating tempera-

ture will release more tritium.

The tritium permeation model predicted a large primary coolant tritium

partial pressure accounting for tritium losses greater than 10 Ci/day through

the heat exchanger. The addition of oxygen gas to the primary coolant loop was

required in order to keep these losses to within the design goal of O.i Ci/day.

o

io2-l

10M

iO3-i

10',-1.

10',-2-

io-3-!

io-*

Kejr:

0 650 *C

U 5 5° *C

H 450 *C

1I

'edge

527 «C

327

LiA102 UA1

Figure 1: Effect of Operating Temperature on Tritiur. Inventory
in Several Lithium Solid sreeder'
(Note: Pellet radius (r ) » 10-5 CT)

156



SOME BASIC STUDIES ON TRITIUM PROCESSING IN CTR SOLID BLANKET

Futaba Ono, Satoru Tanaka, Takayuki Terai, Masahiro Inoue,
Masaharu Nakazawa, Yoichi Takahashi, Ryohei Kiyose and
Masayoshi Kanno

Faculty of Engineering, University of Tokyo

At the tritium laboratory in the CTR Blanket Engineering research
facility, Faculty of Engineering, University of Tokyo, some basic
experimental studies related to the tritium fuel cycle in a CTR
Blanket have been performed.

(1) Recovery of Tritium from Irradiated Solid Lithium Compounds

In the development of a solid blanket-gas cooled CTR, an important
element is the selection of blanket material. Many kinds of solid
lithium compounds have been proposed. However, no material has been
found which satisfies all the criteria such as tritium solubility,
diffusivity, stability, compatibility with other material, etc. We
have performed experiments on tritium recovery from somewhat new
materials such as graphite-lithium intercalation compounds (Li-GIC)
as well as LiF, Li2C2, etc. and the possibility of their use in a CTR
blanket has been estimated. Irradiated Li-GIC (LiCx, x«6, 12, 18 •••)
was observed to release tritium gas at about 300^600°C. Details are
now under investigation.

The recovery of dilute tritium gas in helium as an effluent was
studied with the use of potassium graphite-intercalation compounds
(KCx), which has been known to have very high hydrogen-sorption power,
as well as high isotope separation efficiency, at liquid nitrogen
temperaturef1'. The effluent gas containingVL-5% hydrogen gas was
made to flow through a column containing KCx and it was found that
almost all the hydrogen gas was recovered in the KCx.

(2) Tritiated Water Vapor Adsorption by Molecular Sieves

In many tritium processes, such as in a tritium clean-up system and
in tritium recovery in the gas-cooled blanket, adsorption of tritiated
water vapor by molecular sieves will be widely used. However, in
developing these processes, many basic studies are necessary such as
isotope effect, isotopic swamping, exchange reaction between adsorbed
tritiated water and water vapor in the gas phase, and efficiency in
adsorbing tritiated water vapor of very low vapor pressure. Some of
these have been studied as follows;

In a previous meeting^2), we presented the experimental results of an
equilibrium partition coefficient of H2O-HTO between adsorbed phase
on molecular sieve 5A and surrounding liquid phase. Following these,
the partition coefficient of H2O and HTO between adsorbed phase and
surrounding gas phase for molecular sieves 4A, 5A and 13X have been
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measured. Effects of adsorption amount and temperature change were
also studied. The observed partition coefficient was relatively large
(1.1^1.2), and greater than the vapor pressure ratio but smaller than
that between the adsorbed phase and the liquid phase.

In the actual tritiated water vapor adsorption process, the effect of
coexisting water vapor (H2O) must be considered. This effect, called
isotopic swamping, has been studied by adsorption-desorption experi-
ments using a molecular sieve 4A packed column. Water vapor pressure
and HTO vapor concentration in the feed was ^0 Torr and 80 yyCi/ml,
respectively. When HTO and H2O was fed continuously to the column
packed with pre-dried molecular sieve 4A, the breakthrough curve of
tritiated water vapor showed a sharp rise at the time when H2O vapor
came out. But after that it gradually reached the feed level.
However, in the experiments of continuous feeding to the pre-
humidified column and washing of pre-adsorbed HTO by H20 vapor, the
HTO concentration change in the column outlet was smooth. These
phenomena were excellently explained by calculation assuming mixed
Langmuir-type adsorption isotherm.

Desorption of adsorbed HTO by an exchange reaction with H2O is also a
problem. This was studied more accurately by the moment method. In
this method, a short pulse of HTO vapor was loaded to the molecular
sieve packed column and then eluted with H2O vapor. The HTO elution
curve was analysed by 1st and 2nd moments. In the molecular sieve
4A, when the particle size of adsorbent was larger than 50 mesh,
diffusion in the macro-pore was found to be a rate-determining step and
the overall exchange rate was found to be proportional to the H20
vapor pressure. However, in the adsorbent smaller in particle size,
the exchange rate was independent of particle size and the H20 and HTO
exchange reaction on the inner surface was thought to be rate-
determining.

(1) T. Terai and Y. Takahashi, J. Nucl. Sci. Technol., 18 643 (1981)
(2) S. Tanaka et al., Fourth Topical Meeting on the Technology of

Fusion Energy, October 1980. CONF-801011 vol.1 ?502 (1981)
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TRITIUM RECOVERY FROM LIQUID LITHIUM-LEAD BY VACUUM DEGASSING

K.E. Plute, E.M. Larsen
Department of Chemistry

D.K. Sze
Fusion Engineering Program
University of Wisconsin

Madison, Wisconsin 53706

A liquid metal breeding blanket using the lithium-lead eutectic with mole
ratio LijyPbg3 has been designed for the Mirror Advanced Reactor Study
(MARS). In this paper the tritium removal system for the MARS lithium-
lead banket is presented. The tritium is removed by a vacuum degassing
technique. Various vacuum removal schemes such as pumping on agitated
pools, sparging with an inert gas and introducing a droplet spray into an
evacuated vessel are discussed and compared.

Both molten salt extraction and vacuum degassing have been considered for
tritium removal from lithium-lead alloys.^ ' Vacuum methods are
attractive because the solubility of tritium in Li^yPbg, is very low^ '
and, therefore, a reasonably high pressure can be established above the
alloy without a large tritium Inventory. In the MARS baseline design, a
steady state tritium pressure of 1 x 10~ torr corresponding to a
concentration of 5.1 x 10~ wppm was chosen. The tritium inventory in
the 10 kg of lithium-lead in the coolant loop is 5.1 g. At 10 torr
tritium pressure, special containment measures such as a double-walled
steam generator and secondary enclosures around liquid metal handling
equipment will be used.

In MARS the lithium-lead is circulated at a rate of 1.4 x 10 kg/s and
the tritium flow rate is 7.1 x 10 kg/s in the liquid metal. In order
to recover tritium at the breeding rate of 6.8 x 10~b kg/s, 9.6% of the
tritium is continuously extracted. The vacuum extraction unit is
assumed to be 50% efficient and, therefore, 19% of the lithium-lead
(2.7 x 10 kg/s) is sent to the tritium recovery system. The pumping
speed required to remove tritium at the breeding rate is approximately 2
x 10 t/s at 500°C. Lithium and lead vapors are condensed at a rate of
2.8 x 10~5 g/s and 3.2 x 10~2 g/s, respectively, before reaching
cryopumping surfaces.

Presently there are no experiments on vacuum removal of gases from
lithium-lead alloys and no mass transport data exists. There is
considerable experience on the large scale degassing of liquid steels to
remove hydrogen and other volatile impurities.^ ' Three of the methods
used in steel purification have been analyzed as possible tritium removal
systems.

(1) Liquid metal pools. The simplest removal system would be to pump on
a liquid metal pool while maintaining a constant concentration in the
pool interior by providing agitation. The rate determining process for
the transport of tritium from the pool is dependent on the mass transfer
coefficient, B, which has units of cm/s» The value of 3 is unknown. A
value of 3.9 x 10 cm/s for hydrogen in liquid Al at 7 0 0 ° C ^ and 1 ca/e
for hydrogen in liquid steel at 1600°Ct:>J gives an idea of the order of
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J2.

magnitude. If the mass transfer coefficient is small, B < 10 , the
required surface area (> 10 ca ) and residence tines (> 100 s) would be
too large for pool degassing to be practical. For g « 1, a pool with
surface area ~ 2 i 10 ca and depth 150 ca evacuated for 100 s with
agitation would be required for the MARS tritium recovery unit. Although
this is not unreasonable, the mass transport can be improved by the two
methods described below.
(2) Stream Degassing. In stream degassing the liquid metal is forced
through a nozzle and forms a stream of droplets which fall from a
predetermined height through a vacuum. The diffusion cogffigient for
hydrogen in liquid metals is generally found to be ~ 10 cm /s. Using
this value, calculations show that 60Z of the tritium can be removed from
droplets with 1 am radii in 0.5 s. This process can achieve a high
degree of degassification in a short time period. The chamber volume
must be minimized to reduce heat losses and cost.

(3) Gas Sparging. Helium gas sparging of liquid pools has also been
investigated. Preliminary analyses indicate that the gas bubbles improve
the mass transport primarily by causing agitation and equalizing the
concentration in the melt interior and by enhancing the surface
removal. Very little tritium is removed from the melt interior by the
bubbles unless large helium flow rates are used. Although the sparging
improves the transport, it adds the additional step of separating helium
and tritium at large Ee/^ ratios.

The primary tritium extraction system for MARS is based on the stream
degassing model. Stream degassing appears to be the most effective way
of creating a large surface area for transport and ainimizing heat
loss. Continued work is being done to assess gas sparging as a secondary
tritium removal system. In general, the use of vacuum techniques for
tritium removal froa LijjPbg^ is very promising.
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COMPARISON OF THE WASTE MANAGEMENT OF PCA AND V15CR5TI FIRST WALL MATERIALS*

S. Vogler, M. J. Steindler, and J. Jung
Argonne National Laboratory

9700 S. Cass Avenue, Argonne, Illinois 60439

A comparison has been made of the first wall and structural materials in
the high flux region for two different fusion reactor types. One system
is the STA5FIRE1 reactor with a PCAt/LiA102 first wall and blanket
and the other is a reactor based on the STARFIRE design with V15Cr5Ti as
the first wall and structural material and circulating molten lithium as
the breeder/coolant. The activation of these materials is compared and
the recycling or disposal of these materials is evaluated*

Based on current designs 7.5 x 10^g (75 MT) of PCA alloy is removed annually.
Along with the alloy, the breeder, neutron multiplier and neutron reflector
must also be handled. For the vanadium containing reactor, A.7 x 10'g (47 MT)
have to be processed annually. The radioactivities in these materials have
been derived from calculations based on a radioactivity calculation code RACC^
along with the associated activation data libraries. The radioactivities
were calculated as a function of time of removal from the fusion reactor. A
comparison of the radioactivities of the two materials is shown below.

Radioactivity of First Wall (Ci/cm3)
at Indicated Time (Y)

0 1 5 10 30 50

PCA 3.8x102 1.4xlO2 44 12 0.37 0.20

V15Cr5Ti 1.0x102 4.3 2X10"1 6xlO"3 2xl0"4 9.3x10-5

At one year decay the radioactivity in the vanadium is 3 percent that in
the PCA decreasing to 0.05 percent at ten years decay. Along with the
total activities the specific radioactivities remaining in each of the
metals have been identified.

The disposal of radioactive materials in shallow land burial is controlled
by the proposed NRC rule 10 CFR 61.3 The radionuclides from fusion
reactors that limit disposal of materials are l 4 C , 5 9Ni, 9 4Nb, % , 6 0Co,
and 63Ni; the limit for 94Nb is particularly low at 0.2 yCi/cm3 (0.2 Ci/m3).

*Work supported by the U.S. Department of Energy, Office of Fusion Energy,

tprime candidate alloy, a titanium modified austenitic stainless steel.
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After 50 years decay the radioactive content of PCA exceeds the limits for
9*Nb and 6 3Ni. The PCA contains 0.2 Ci/cm3 or 2 x 105 Ci/m3 which is
probably too high for shallow land burial* Sone nore restrictive isolation
technique (geologic medium) would be required. For the vanadium alloy
after 50 years decay, all radionuclides are below the specified Units,
except for 94Nb which exceeds the limit by a factor of three.

For the vanadium alloy the radioactivity is low enough that recycle can
be considered. Dose rate calculations indicate that the contact dose
rate for a one-meter sphere is 600 mrem/h after 30 years decay, too high
for effective hands-on operation. At that time the 9*Nb content becomes
controlling and the dose rate is constant. If the 9 % b can be reduced or
removed (by removing the 9 % b impurity) the dose rate decreases with time,
reaching a value of about 10 mrem/h at 70 years making consideration of
hands-on operation feasible.

If disposal of vanadium were considered some decay period is necessary.
A standard 55 gal drum used as the package would contain 0.05 m 3 of
material and 2.2 x 10^ Ci/drum at one year decay. Disposal costs are
based on a unit volume and an excess activity surcharge. The disposal cost
for each drum is $90 plus an activity surcharge of ^$5700 per drum. Further
decay for ten years would erase the activity surcharge* The total cost for
disposal would then be $60,000 per year. Disposal at one year would cost
$1,000,000. Thus, for vanadium disposal, an assessment would have to be
made comparing the cost of providing storage space for hot materials during
decay against the cost of disposing of the more radioactive vanadium.

For PCA disposal, canisters are 0.61 m x 3.05 m (2 ft x 10 ft) and
44 canisters are required annually. It is assumed that 15 round trips
will be required, using a shielded cask, to deliver the material for
emplacement. The cost of emplacement in a geologic medium is roughly
$100,000 per canister yielding a total cost of disposal of approximately
5.3 million dollars.

The annual disposal costs for the vanadium alloy are approximately 1Z
of the costs for the disposal of the PCA.
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MATERIALS COMPATIBILITY CONSIDERATIONS FOR
FUSION-FISSION HYBRID REACTOR DESIGN*

J. H. DeVan and P. F. Tortorelli
Metals and Ceramics Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

The Tandem Mirror Hybrid Reactor (TMHR) is a fusion reactor concept that
incorporates a fission-suppressed breeding blanket for the production of
2"u to be used in conventional fission power reactors. The blanket design
incorporates a cylindrical module with a beryllium multiplier in mobile
pebble form, thorium metal snap-ring overlays (possibly coated) on the
beryllium pebbles, and a liquid lithium or sodium coolant which is pumped
directly through the pebble bed. Such a concept presents a complicated
compatibility matrix with the possibilities for both solid-solid and liquid
metal-solid interactions. This matrix has been examined to identify
possible reactions under relevant operating conditions and their effects on
blanket integrity and performance. Solid-solid interactions include the
following:

1. Be — structural alloy (currently HT-9)
2. Th — structural alloy
3. Be — Th (plus possible barrier coating)

In addition, self-welding may occur at contact points between the beryllium
pebbles (Be-Be) or thorium rings (Th-Th). Liquid metal interactions are
those of molten lithium or sodium with the thorium, steel, and beryllium.
Mass transfer of these materials in lithium or sodium under temperature and
concentration gradients may be an important problem and may be accelerated
by impurities in the solid and liquid blanket materials (principally 0, N,
C, and T). Although this matrix of potential compatibility concerns is
large, the maximum operating temperature in the present reactor concept is
relatively conservative (<500°C) in terms of conventional liquid metal heat
transfer systems (for example, fast breeder reactors).

The present paper reports on compatibility considerations related to the
blanket design based on an examination of many of the possible inter-
actions theoretically and/or experimentally. In the former case, ther-
modynamic and existing compatibility data were used to assess the severity
of the expected reactions. Experimentally, compatibility reaction couples
were exposed in static lithium at 350, 450, and 550°C. The specific pur-
pose of these experiments was to examine the reactions between beryllium
and stainless steel in direct contact and across a molten lithium gap.

Of highest priority among solid-solid compatibility considerations are the
self-welding reactions, because these will determine whether barrier
coatings must be applied to the pebbles to guarantee their removability.
Possible coatings for the thorium metal are TI1O2, ThC, or TiC. Possible
coatings for the beryllium metal are Bej^Fe, Be^Cr, or Bei2Mo« Next in
priority are the possible reactions of beryllium with thorium. The same
coating candidates listed above could also be used to reduce the extent of
the latter reaction. Last in priority are the reactions between beryllium
and HT-9, which preliminary experiments have shown to be slow at 450°C.
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In the area of liquid-solid interactions, major concerns are
(1) temperature gradient mass transfer of the containment alloy (HT-9)
and/or breeding materials by lithium or sodium with attendant reduction of
the blanket fluid passages by chromium, iron, or beryllium deposition and
(2) mass transfer of metallic and nonmetallic (impurity) elements among the
chemically dissimilar blanket and structural materials. The use of a
structural steel of low nickel and chromium activity and the relatively low
operating temperature (<500°C) will each reduce the severity of mass
transfer of the containment material by liquid metals. The beryllium mass
transfer problem can be approached by using the same coating techniques as
proposed for reducing solid-state beryllium reactions. Impurities in the
lithium, particularly, nitrogen, can adversely affect compatibility by
accelerating corrosion of the steel by lithium and promoting the formation
of Be3N2« Again, a coating on the beryllium could prevent the latter reac-
tion. Another impurity of potential importance is oxygen. Any oxygen pre-
sent on the as-fabricated beryllium surfaces will be dissolved by lithium
and, at concentrations above 5 ppm in lithium, would react with thorium to
form ThO2. This is not of concern from the standpoint of compatibility,
but an oxygen trapping system will probably be required to avoid the depo-
sition of Li20 in colder regions of the lithium circuit. One additional
liquid metal corrosion reaction of importance to mechanical design concerns
carbon transport. Both thorium and beryllium are strong carbide formers
and may act to decarburize HT-9 by lowering the carbon activity of the
liquid metal. However, except for relatively thin cross-sections, the
decarburization of the HT-9 is sufficiently slow that it should not degrade
the properties of the steel over the proposed reactor lifetime.

•Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy under contract W-7405-eng-26 with the Union Carbide Corporation.
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LIFETIME ANALYSIS OF BERYLLIUM BALLS IN
A HYBRID FUSION BLANKET

L. G. Miller, J. M. Beeston, P. Y. Hsu, B. L. Harris
EG&G Idaho, Inc.

Introduction

The low density, high specific heat, high modulus of elasticity, (beryllium
has highest modulus to density ratio of any metal), and relatively high melting
point^ are not properties which under irradiation limit the lifetime of the
beryllium balls used as a neturon multiplier in the hybrid reactor blanket.
Rather the limited ability of the metal to undergo plastic deformation restricting
the redistribution of localized stresses is likely to be responsible. Results
of analyses will be presented which predicts the lifetime of beryllium balls
in the hybrid blanket at about one year. Techniques for extending this lifetime
will be considered.

The question of failure and lifetime hinges upon the ductility of the irradiated
beryllium balls, but the irradiated data basis is sparse. Indications from
post-irradiation annealing tests-*- and high temperature irradiation tests^'^
suggest that the defects may agglomerate with retention of some ductility.
The retention of some ductility is necessary so that the balls do not act as
indenters with one another producing Hertzian contact cracking^ and premature
failure. Assuming sufficient ductility the lifetime of the balls is estimated
on the basis of the maximum stress theory wherein failure occurs when one of
the principal stresses from loading reaches the minimum yield strength of the
irradiated beryllium. However, surface cracks, and defects that may propagate
must be stable according to the stress intensity factor and fracture toughness
of the irradiated beryllium. The depth of a surface defect that would be stable
for the tensile stress was estimated from fracture mechanics principles.

The latest Hybrid Reactor blanket measuring 0.40 m wide is divided into two
0.20 m thick annular zones filled with beryllium balls (spheres) of 0.03 m
diameter. A hole through the spheres accommodates a thorium slug as fertile
material in both fueled zones. The spheres and slugs are cooled by liquid
lithium which flows across the annular zones in the 0.4 m width direction.
The stress analysis considers the forces due to lithium flow and sphere stacking
height and the internal stresses due to thermal expansion and differential
swelling. Because of scanty data at temperatures of 400-500°C, swelling,
strength, and ductility values were estimated for these temperatures.
Values for stresses in three annular positions: (1) near the first wall,
(2) near the center, and (3) near the back wall are given in Table 1.

According to the failure theory stated above and the total internal stresses
shown in Table 1, the estimated life of the hollow beryllium balls near the
first wall is slightly more than one year provided the surface defects are
less than 0.024 in. deep. The beryllium balls near the center of the blanket
have almost one and one-half years average life and those near the back wall
have almost six years average life. The surface of the balls must be free of
defects > 0.024 in. deep.
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Considerations for increased lifetime of the beryllium balls are important to
reduce the cost of replacement. There are, however, other conditions which
will affect the cost such as automated fabrication and recycling of reconditioned
beryllium. Factors which affect the ductility of irradiated beryllium will
affect the lifetime. These factors are complex because of the sensitivity of
the mechanical properties of the metal beryllium to such things as fabrication,
anisotropy, grain size, purity, percent BeO, etc. In general, beryllium of
fully dense low BeO content, fine grain, hot pressed has the best anisotropic
ductility. However, preferred orientation by extrusion increases the ductility
in the extruded direction, so that considerations of the behavior of the
beryllium in the irradiation, stresses, and temperature environment may change
the ductility assessment.

Table 1. Internal stresses for the hollow sphere for one year irradiation.

Position Thermal

in Blanket (ksi)

Near First Wall 5.6

Near Center 3.4

Near Back Wall 1.1
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Swelling
(ksi)

27.2
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6.0
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(ksi)

32.8
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COMPARISON BETWEEN MEASURED AND PREDICTED PERFORMANCE OF A HIGH SPEED, FREE
SURFACE LIQUID JET FLOWING ALONG A CURVED WALL, J. A. Hassberger, Westing-
house Hanford Company, Richland, WA. The Fusion Materials Irradiation Test
(EMIT) Facility will provide a high flux neutron source for irradiation test-
ing of candidate fusion reactor materials. Approximately 1016 neutrons/
second will be generated by a D-Li stripping reaction occurring between an
accelerated deuteron beam (35 MeV, 0.1A) and a flowing liquid lithium target.
The target removes the 3.5 MW of beam power at deposited power densities
approaching 2 MW/cc while exposed to the high vacuum (10~6 torr) accelerator
environment. Adequate hydraulic behavior of the target is especially impor-
tant to ensure acceptable target performance. This paper reports results
which demonstrate that relatively simple hydraulic models adequately predict
the behavior of the high speed, free surface curved wall jet used in the
FMIT Target.

The FMIT target is a thin jet (19 mm) of lithium flowing at a high speed
(17 m/s) along a concave wall. The surface of the lithium is directly ex-
posed to the accelerator vacuum. The flow velocity and curvature are
selected to provide sufficient pressure to inhibit boiling nucleation of
the fluid. This concept is similar to various wetted first wall concepts
proposed for inertial confinement reactors. Knowledge of the velocity and
pressure distributions within the jet is necessary to ensure that the lithium
remains subcooled under the extreme power densities encountered.

Analyses of the jet were performed using several techniques. Simple one- and
two-dimensional calculations based on potential and constant vorticity models
were found to provide good agreement with measured data. More sophisticated
methods were used to investigate three dimensional effects, and to directly
incorporate boundary layer effects into the predicitions. The comparisons
with test data obtained from target model water tests show that the simpler
one- and two-dimensional techniques provide adequate performance predictions
for design of the curved wall jet.

Figure 1 summarizes the comparisons between the simple predictions and results
of hydraulic testing. The figure shows the dimensionless velocity profile
plotted as a function of the dimensionless depth into the lithium. The veloc-
ities were normalized to the average flow velocities, the stream depths were
normalized to the stream thickness. The data shown were obtained at the beam
centerline location where the power densities are at the maximum. The solid
curve summarizes the results of the potential flow calculations. The broken
line summarizes the constant vorticity model calculations. The points
summarize results of water testing performed at a prototypic Reynolds number
of 3xlO5. As the data indicate, agreement among the measurements and pre-
dictions is very good, generally being within a few percent. This agreement
is within the 2 to 3 percent error expected from the experimental measurements.
As the figure shows, all models effectively predict the slope of the velocity
profile.
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Curvature of the measured velocity profile is observable in the figure.
None of the predictions completely model this curvature. It is interesting
to note that the observed curvature is that predicted by the potential flow
models near the solid backwall, and is predicted by the constant vorticity
model near the free surface. As the flow continues alpng the curved wall,
the free stream vorticity decays and the fluid velocity profile more closely
approaches that predicted by the potential flow model.

The agreement observed between simple predictions and measured data minimizes
the need for more complex models for most of the applications required for
FMIT target design. This agreement also suggests such models will be appli-
cable to other high speed film flows along curved walls, including wetted
wall Controlled Thermonuclear Reactor concepts.

This work was completed at the Hanford Engineering Development Laboratory
for the United States Department of Energy under Contract Number DE-AC06-
76FF-2170.
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FIGURE 1. Summary Comparison Between Measured and Predicted Velocities
in a High Speed Curved Wall Jet
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ANALYSIS OF BLANKET-STRUCTURE LIFETIME
FOR THE TANDEM MIRROR HYBRID REACTOR (TMHR)

N. M. Ghoniem, University of California, Los Angeles; D. H. Berwald, TRW
Energy Development Group

Lifetime estimates of blanket components are recognized as important design
considerations, since the blanket module lifetime impacts both operation
costs and system reliability. Furthermore, maintenenace considerations and
design decisions are influenced by lifetime analysis. In this paper, we
describe a design analysis by which more reliable estimates can be made
for blanket structural modules.

Our study focuses on the use of HT-9, a martensitic alloy, in the blanket
modules of the reference tandem mirror hybird reactor described in detail
in an accompanying paper (1). Briefly, the reference blanket breeds 2 3 3U
from thorium using a packed bed of beryllium/thorium pebbles (y20 to 1
volume ratio) as a suppressed fission neutron multiplier. The coolant,
liquid lithium, is pumped directly through the bed. The first wall
structure consists of two cylindrical pipes, each corrugated
circumferentially and tied together with axial ribs. The first wall is
further supported by radial plates which are tied to a thick back wall.

This paper utilizes the irradiation data base for the commercial alloy
HT-9 to develop approximate design equations for void swelling, the
shift in the-ductile-to-brittle-transition temperature (DBTT), and thermal
creep rupture at high temperature. A swelling design equation is developed
where the swelling rate is expressed as a function of the accumulated
displacement damage dose, the temperature, and the chromium concentration
of the alloy.

One of the most serious concerns in our study is the embrittling effect
of neutron irradiation because it produces brittle fracture even at
relatively high temperature. The composition, heat treatment, and impurity
content of the steel are all factors that influence the embrittlement
behavior. Assuming that such effects are controllable, a design equation
is developed for the irradiation induced shift in DBTT of HT-9. The blanket
design provides a margin of safety by setting the operating structure
temperature above the DBTT. This is more conservative than fracture mechanics
approaches using fracture toughness measurements in crack quench rate
calculations.

At high temperatures, structural failure results from the slow deformation
under creep conditions. Unfortunately, most high-temperature designs require
that components have services lives greater than those for which
experimental data are available. As yet, there is not universally acceptable
"best" procedure for extrapolating creep data. The design equations
developed by Ghoniem and Conn (2) are used to determine the allowable
design stress at any operating temperature and for various target lifetimes.
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A conservative approach is shown in which the moderate shifts in the DBTT
are eliminated during scheduled maintenance periods. Pressure vessel
annealing data are used for the development of an expression for the fraction
of the shift in DBTT recovered as function of both annealing temperature
and time. The results are in reasonable agreement vith the KAKEL (3)
annealing computer code. It is recommended that the structure temperature
be held constant at 450*C for a period of ~60 hours during every scheduled
maintenance period. This will insure >9QX recovery of the shift in DBTT.

The results of calculations for the accumulated axial strain in the HT-9
first wall as a function of temperature at different irradiation times
indicate that the total axial strain after six years of operation is ̂ 2.1Z
at the maximum front wall temperature of 410*C.

The choice of a low-swelling martensitic alloy added great advantages to
the present design. To realize the maximum potential of HT-9, the following
features are adopted:

1. HT-9 is used in a relatively low temperature design (below 500°C) to
give an allowable design stress of 24 KSI for a maximum creep rupture
lifetime of 14 years.

2. A minimum structure temperature of 365°C ensures a good margin of
safety against neutron embrittlement during operation.

3. The moderate DBTT shifts during irradiation are eliminated by a 450°C
anneal for 50-60 hours.

4. In elastic radial strains can easily be accommodated.

The total average displacement rate is estimated at 0.9 cm/year, for a duty
factor of 0.7. Assuming a module-to-module clearance of 10 cms, the
estimated lifetime is around 10 years.
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MHD Pressure Drop of NaK Plow in Stainless Steel Pipe

Keiji MIYAZAKI, Shoji XOTAKE, Nobuo YAMAOKA, Shoiji INOUE
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Yamadaoka, Suita-shi, Osaka, Japan 565-00
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Research Summary :

In order to accumulate the basic data necessary for designing

a liquid metal cooling systems of fusion reactor blanket, an experi-

mental and theoretical study was performed on the MHD pressure drop

of liquid metal flow in a circular pipe with conductive Wall under

transverse magnetic fields. The experiment was conducted, with a

test section fitted to the NaK-Blowdown MHO Experimental Facility,

by the Nuclear Power Research Group of Osaka University.

Experiment: The test section, shown in Fig. 1, was made -of a 45:3mra

toner diarat-er;aud-l .65mra thick 304-stainless steel circular pipe.

The pressures-*were measured at two points in the uniform magnetic

field section by TObar-rating semiconductor resistance-piezo type

transducers by correcting the magnetic effect. The ranges of the

experimental parameters were the applied magnetic flux density: B,«

0.3*1.75 T, the wean velocity of NaK fluid: S=2M5 m/sec, Reynolds

number: Re«8.xlO5»».6.'2x10* and Hartmann number: Ha=740M150.

Theory: The velocity distribution over the circular cross-section

was assumed to be u(r)= u,{l-(r/a)n}, (1)

where a denotes the inner radius of the pipe and n the index.

Maxwell's and Ohm s equations were combined with Eq.(l). The

electric potential V and the pressure gradient 3p/3z were obtained

by solving the equations on an assumption of uniform magnetic field

and under the boundary conditions: (1) Jr*0 at r*b, (2) )0 Jydy=O at

6*0, and (3) Vf*Yw at r»a.

The mean fluid velocity is u=u,n/(2+n) and u+u, as n-»-«, i.e. uniform
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Results and Discussion: The theoretical
analysis resulted in the following.
The tangential distribution of potential
at the outer wall:

2 a2b uBfsin8 (2)

Pressure gradient along the flow:
°w

2

32 afuB, (3)

where o w and of are the elctric
conductivities of wall and fluid,
b: the outer radius of the pipe.
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Fig.l Experimental setup

The experimental data of potential are plotted in Fig. 2 with
the theoretical prediction and those of pressure drop in Fig. 3.
Appreciably good agreements.between the experiment and the theory
are demonstrated both in the potential and the pressure drop except
for a low OfTJB region. The deviation from the line predicted*" by
Eq.(3) will be attributable to the transition from laminar to turbu-
lent flow regimes with decreasing the electromagnetic interaction.
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Fig. 2 Tangential distribution
of electric potential
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Fig. 3 Pressure drop between,
the two pointsl35mm
apart
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DISRUPTION INDUCED VOLTAGES AND LOADS
ON TORUS SECTORS

R.J. Thome, R.D. Pillsbury and W.R. Mann
MIT Plasma Fusion Center

The rapid decay of magnetic flux associated with a plasma disruption
induces voltages and currents in electrically conducting bodies which
are nearby. Recent FED/INTOR designs utilize toroidal shells or shell
segments near the plasma which are divided into sectors for assembly
and maintenance purposes, but which may have electrically conducting
paths toroidally to provide vacuum boundaries. The generation of volt-
ages across sector gaps is a potential problem in the form of arc ini-
tiation with material damage. In addition, the induced currents may
interact with the toroidal field to generate large net torques on a
sector. A finite element model was used to estimate the induced sector
gap voltages and net overturning moments following a disruption. Several
cases were run, based on different assumptions concerning number of
shells, toroidal continuity, shell thickness and resistivity. Sequen-
tial time plots of flux and of field lines allow considerable insight to
be gained into the effects of the different assumptions.

Flux decays for four cases are shown in Figures 1 to 4. The t < 0
distribution is the steady state flux generated by the plasma with a
center at "c". The first wall is located at "b" and "d" and the shield
outer boundary is at "a" and "e".

Other curves show the flux at times after disruption. The sudden col-
lapse of flux in the center in each case arises from the decay of those
field lines which are generated by the plasma in the steady state, but
which do not link any walls or conducting material. The "kinks" in the
flux pattern at points "a", "b", "d" and "e" occur from eddy currents
induced in the walls at those locations. Fig. 1 is based on two shells
which are connected and sectored so that the sum of the eddy currents in
the shells is zero through an rz-plane. This is a worst case and leads
to a large flux change in the sector gaps. Fig. 2 uses the two sectored
walls of the first case together with a complete third shell which is
toroidally continuous and able to carry net current through an rz-plane.
The result is a substantially reduced flux change at all points. Points
"b" and "d" are the primary points of concern since they represent the
first wall sector gap locations facing the plasma. Figures 3 and 4 are
similar to the second case except that the complete third shell is re-
placed by a partial shell which is still toroidally continuous; however,
it is either inboard (Fig. 5) or outboard (Fig. 4). A comparison of the
cases indicates that the presence of a toroidally continuous path has a
substantial effect and that the inboard portion is most effective.
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ELECTROMAGNETIC EFFECTS ON THE INTOR LIM1TRR

L. R. Tu-ner and M. H. Foss
Argonne National Laboratory

As the plasma current decays during a plasma disruption, currents and voltages
are induced in the first wall and limiter of INTOR. These currents can inter-
act with the poloidal and toroidal fields to produce large forces and
torques. The voltages can lead to arcing between segments of the litnJter.
The objectives of this study are to determine how the forces, torques, and
voltages depend on such system parameters as the first wall electromagnetic
time constant, the limiter material (particularly its electrical resistivity),
and the degree of toroidal segmentation. In the study, the system consists of
a double-bladed liraiter located below the plasma, an electrically continuous
first wall, poloidal field coils with fixed locations and currents, and a
plasma current decaying linearly to zero in 20 ins. A computer code has been
developed to model the induced currents in the blade and first wall as
func tions of time.

This code, in which the first wall and limiter are represented by coaxial
circular current loops, does not lend itself to a treatment of segmentation
effects. The first step toward segmentation, a single cut In the limiter, can
be modelled by imposing an additional voltage term on the liraiter wires
only. The voltage is made large enough to make the sum of the liaiiter
currents vanish.

Results show how the forces, torques, and voltages in the liraiter vary with
toroidal segmentation, first wall time constant, and resistivity of limiter
material. In each case, three forces and one torque are considered. F- is
the radial force per unit length of limiter due to interaction of the induced
toroidal current with the vertical component of poloidal field. F^ is the
vertical force per unit length of limiter due to interaction of the induced
toroidal current with the radial component of poloidal field. N is the torque
per unit length of limiter, about an axis in the toroidal direction, resulting
from F^ and F-. ^ c ut *

s t n e vertical force of interaction between the
toroidal field and the radial currents which flow wherever the limiter has a
poloidal cut.

Four cases have been analyzed for the effects of electrical discontinuities:
(1) a continuous copper toroidal limiter, ignoring effects from the first
wall; (2) a toroidal liraiter with a single jjoloidal cut; (3) a continuous
toroidal limiter Including the first wall with 100 ms time constant; and (4) a
toroidal liraiter with a single poloidal cut including the first wall. Table 1
summarizes the peak forces for these four cases.

As expected, the lii.iiter without a cut and without a first .wall exhibits the
highest forces, which.peak at the end of the plasma current quench. The
presence of the first wall and a single cut in the limiter provides
substantial protection from mechanical forces.

It is possible to give a physical argument to estimate the forces on a seg-
mented limiter on the basis of the forces on a limiter with a single cut and
the increased resistance of current paths in a segmented limiter. For 72
segments, six per TF coil, the vertical force drops from 1.26 MN to 0.3 MN.
Support against a force of 0.30 MN is manageable.
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Table

No Cut
Cut
No Cut
Wall
Cut
Wall

1. Summary

Peak Radial
Force
(N/m)

820,000
120,000
500,000

21,000

of Induced Force

Peak Vertical
Force
(N/m)

500,000
40,000

260,000

14,000

Calculations

Peak Torque
(Nm/m)

200,000
85,000

110,000

12,000

Peak Vertical
Force on Cut

(MN)

0
3.50
0

1.26

A series of computations was performed for a copper limiter with a single
poloidal cut. Time constants of T = 0, 10, 30, 100, and 1000 ms were used.
For T « 20 ms, the plasma current decay time, the force is largely
independent of T. The decrease of force with increasing T is strongest
for T - 20 ms. Finally, for T » 20 ms, the force decreases more weakly with
increasing T.

Concern has been expressed that the voltage induced by plasma disruptions may
lead to arcing between limiter segments. In the computations for a limiter
with a single cut, the zero net current condition is imposed by finding the
electrical potential which reduces the circulating current to zero. For a
limiter with a single cut, this potential represents the voltage across the
cut. For a limiter with n segments and n cuts, the voltage across each cut is
given approximately by dividing the potential by n.

The variation of voltage with first wall time constant is found to be similar
to the variation of force with time constant: virtual independence for T «
20 ms, rapid decrease with increasing T for T ~ 20 ms, and slow (inverse
square root) decrease for T » 20 ms. For T = 100 ms and 72 segments, the
voltage is below 10 V.

Several conclusions can be drawn from these studies: (1) The electrical
response of the limiter is sensitive to the electrical behavior of the first
wall and cannot be studied independently from it. (2) For a first wall time
constant of 100 ms and a limiter segmented into 72 pieces, the forces,
torques, and voltages are manageable. (3) For a shorter first wall time
constant or fewer segments, electromagnetic considerations may strongly affect
the design of the limiter. (4) There is a characteristic variation of limiter
forces and voltage with first wall time constant T. (5) Induced forces and
torques vary inversely with the square root of limiter resistivity; voltages
are virtually independent of limiter resistivity. (6) In light of the
importance of segmentation effects, an analysis which treats segmentation more
directly is required.

*Work supported by the U. S. Department of Energy.
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TRANSIENT ANALYSIS OF STARFIRE
COOLANT-BLANKET SYSTEM WITH ATHENA CODEa

S. Z. Rouhani, J. Jones, J. S. Herring
EG&G Idaho, Inc.

ABSTRACT

Public acceptance of fusion reactors as a viable source of power will depend
not only on the cost of such facilities, but more so, on their safety
related issues. A characteristic feature of these reactors, which ensures
an inherent safety compared to LWRs and LMFBRs, is their massive thermal
capacity combined with a relatively low rate of afterheat production. This
combination allows for a considerably longer time than would be available
in LWRs for mitigation in case of any off-normal incident.

The present report demonstrates the time-dependent response of the thermal
power generation and removal system of the STARFIRE fusion reactor in case
of a total power loss. This is a case involving the loss of all circulation
pumps on the primary and secondary sides of the coolant system.

The STARFIRE fusion reactor system, which is based on a continuously operat-
ing TOKAMAK concept, is designed to employ forced circulation of pressurized
water at 15.2 MPa for cooling the breeding blanket. The design involves
using 24 D-shaped blanket sectors, each packed with a number of coolant
modules. For safety and redundancy, each module is cooled by forced flow
from two separate loops, which supply coolant to alternate layers of hori-
zontal tubes. Each D-shaped blanket sector is connected to the coolant
inlet and outlet lines of the two loops, both at the top and the bottom.
The four-pipe connection to the top supply coolant to the elements in the
upper half (above the midplane) and the connections to the bottom supply
coolant to the modules below the midplane. Within each module, the tubes
are embedded in the heat generating tritium breeder (Lithium Aluminate) at
varying distances from the first wall. A major part of the total heat is
generated at the first wall and behind the neutron multiplier. These are
also cooled by the pressurized water circulation system. Each primary
coolant loop includes, in addition to alternate rows of coolant tubes in
every other blanket sector, two steam generators, parallel circulation pumps
and a pressurizer. The steam generators are of the once-through type, pro-
ducing superheated steam at about 7.0 MPa pressure. The secondary side of
steam generators is fed by condensate through the feed pumps. The thermal
power to be removed from the blanket is 3800 MWt and the total reactor power
is 4000 MWt.

The transient analyses are performed with the ATHENA (Advanced Thermal
Hydraulics Energy Network Analysis) code. This is a fast running computer
code for solving mass, momentum, and energy conservation equations for two

a. Work supported by the U.S. Department of Energy Assistant Secretary for
Research, Office of Fusion Energy, under DOE Contract No. DE-ACO7-76IDO157O.
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fluids (liquid and vapor) in any arbitrary combination of hydraulic loops
which are interconnected directly or indirectly (through heat exchangers).
The code employs flow regime-dependent constitutive relations for exchange
of mass, momentum and energy between two phases. For heat transfer from
channel walls, the code uses a variety of correlations covering different
processes from single-phase convection by liquid to subcooled and nucleate
boiling, CHF, film boiling, and postdryout convection. Transient tempera-
ture distribution and heat conduction in solid walls are calculated one
dimensionally. The main features of ATHENA are identical with those of
RELAP5 for LWR analysis.

The modeling of the STARFIRE blanket coolant systems had to be done such
that it represented the main features of modules, their relative spatial
arrangement (extreme differences in height) and the alternating nature of
tube connections to each loop. Yet, there was a need to keep the nodaliza-
tion scheme for hydraulics analysis at a manageable size for practical
reasons. In this respect, the whole blanket was modeled by eight coolant
modules representing two alternate types of the D-shaped sectors. Each
sector was represented by one module at the top, one immediately above the
midplane, and a symmetrical pair below the midplane. Each external coolant
loop is represented with one pump, one steam generator, and a pressurizer.

The computations involved, firstly, the determination of an initial steady-
state distribution of flows, pressures and temperatures at full power.
These were obtained by using special control features in ATHENA. The
transient was then assumed to start by loss of power to the pumps and their
subsequent coastdown, followed by reactor shutdown after some time.

The preliminary results of this transient analysis indicate that a top over-
pressurization occurs at 40 s following the pump trip. This pressurization
response requires a power scram within approximately 35 s to maintain the
integrity of the primary coolant loops. The subsequent pump coastdown took
50 s to reach essentially zero coolant flow in the loops.

As expected, natural circulation proved dominant in the upper-most blanket
module with vertically upward oriented tube connections. The afterheat in
this module was readily removed by the natural circulation which developed
with only slight voiding in the tubes. The equilibrium temperatures
reached by the first wall is 900 K (after 400 s).

The lower-most modules, with vertically downward connected tubes, show no
circulation. These modules show a first- and second-wall dryout and sub-
sequent meltdown of both walls at about 800 s after the power scram.

The modules close to the midplane, with horizontal connecting tubes, show
little circulation and coolability. Their transient response was more like
that of the lower-most modules. The maximum temperature increases in the
breeder material at different points were limited to 100 to 180 K. These
occurred at the initial part of the transient. Similar temperature
increases in the reflector were limited to 80 to 120 K.
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Effect of Temperature on Magnetic Field Perturbation
from the Ferromagnetic Blankets in MARS

H. Attaya and G.L. Kulcinski
Nuclear Engineering Department, University of Wisconsin

Madison, Wisconsin 53706

Because of its high resistance to irradiation damage, the ferritic steel
alloy HT-9 is proposed to be used as the structural material in the MARS
blanket. Many questions, however, have been raised about the interaction
of this ferromagnetic material with the magnetic field. One of these
questions arises from the fact that the magnetization is a function of the
temperature and because the temperature (hence the magnetization of the
HT-9) in the blanket varies with position. Hence, the question addressed
here is "will that variation of the magnetization produce any magnetic
effect in the plasma region?"

Temperature and Magnetization Distribution in MARS Blanket. In the MARS
blanket the LiPb coolant enters form the top of the blanket at 330°C and
leaves the bottom of the blanket at 500°C. The temperature T at any angle
6 is,

T - 330 + (500-330) 9/n (1)

where 9 is the angle measured as shown in Fig. 1. Since the magnetic
field on the plasma axis in the central cell is about 4.7 tesla and is in
the z direction, the magnetization of the HT-9 reaches its saturation
value Mg and is in the direction of the field. The value of Mg is a vary-
ing function of the tmeperature and is zero at the Curie temperature of
HT-9 which is about 700°C. To a very good approximation in the tempera-
ture range between 330°C - 500°C the magnetization in the left half of the
blanket could be written as

M - MS2 - (A - B9)2 (2)

where the constants A and B can be determined by knowing the value of M
at the inlet and the outlet temperatures, and z is a unit vector in the z
direction.

Magnetic Field Due to Magnetized Structure. If one knows the distribution
of the magnetization in the magnetized structure, one can estimate the
field due to such structures (outside it) by using either the correspond-
ing distributions of the magnetic pole densities given by:

surface pole density • (n • M), and (3)
volume pole density • - V » M (4)

or by corresponding distribution of the Anperian current densities given
by

surface current density • £-n £ M), and (5)
volume current density « (V x M) . (6)
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Consider first the case where no temperature variation exists, i.e., the_
magnetization is uniform and constant (M * M J ) . In this case both V • M
and 7 x M vanish. Thus, we could simulate_tne_effect of the magnetized
blanket by either a surface pole density (n • M), which will have values
only at_ the end faces of the blanket, or by surface current densities
(-n x M) which will have equal but opposite values on the outer and the
inner surfaces of the blanket. It appears directly from using any of
these two models that the field due to the magnetized structure will be
only at the far ends of the blanket.

Now consider the case in which the magnetization obeys Eq. 2. The volume
current density exists and has a value in the radial direction only i.e.,

V M » V x (M z) - (-
S IT

~ B / r

by using Eq. (2). If this value is multiplied by an infinitesmal volume
dv - rd9drdz, the result will be -Bf drd6dz and this is equal and opposite
to the difference between the surface current at 0 which is M (8)f drdz
and the surface current at 9 + d8 which is -(M + (dM /d6) • dB)i drdz,
i.e., -(dMg/d9)d6 r drdz. Thus, the volume current density cancels the net
radial current which is due to the variation of the magnetization, and the
effect appears only at ends of the blanket as before but in a different
way._ This conclusion could be reached directly using the pole model where
V • M is zero, but the current model shows more clearly how the tempera-
ture effects disappear at the center of the central cell*

The conclusion, based on this simple model, is that the variation of the
magnetization of the ferromagnetic structure will be only at the end of
the blanket. Numerical calculations showing the field at the ends of the
blanket will be presented.

W.F. Brown, "Magnetostatic Principles in Ferromagnetism," North-Holland
Publ. Co., 1962.

T» 33O*C

M

T«3OO#C

Fig. 1. Schematic cross section for the blanket. The arrows in the
Infinitesimal area show the directions of the surface current densities
(•ni x_M) at each side, and the direction of the volume current density
(V x M).
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DYNAMIC RESPONSE AND STABILITY
OF INPORT TUBES IN !CF REACTORS

Roxann L. Engelstad
Edward G. Loveil

University of Wisconsin - Madison

A persistent problem in the development of inertia! confinement fusion
reactors is protection for cavity structural walls from target debris,
X-rays and neutrons. For this purpose a novel design has been proposed
for the heavy ion beam fusion reactor HIBALL, a conceptual design jointly
developed by the UW Fusion Engineering Program and the Kernforschung-
szentrum Karlsruhe, FRG. As shown below, the general configuration of
the reactor chamber is cylindrical with the cavity first wall masked by
an annular tube bank through which liquid Li-,7Pb83 flows. Individual
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PELLET INJECTOR

VACUUM
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SUPPLY^jJJ-

SHIELD

UPPER i REFLECTOR
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FINAL FOCUSING
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tubes, named INPORT units (Inhibited Flow/Porous Tube), are fabricated
of porous woven SiC. Liquid LiPb flows primarily through the units, but
with the wall porosity a protective layer (1 mm thick) is formed on the
surface. This layer protects the INPORT by absorbing target debris
and X-rays. Film vaporization from this energy deposition'produces a
reactive impulse on the tube. This paper is concerned with the response
and stability of SiC tubes from this loading.

Analysis of the mechanical response of the INPORT units involves both
stiffened and unstiffened tubes. In the former, the woven tubes are
rigidized by chemical vapor deposition of SiC. Such members resist
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transverse loading by flexural action, similar to structural beams. A
general formulation is developed for natural frequencies, stresses and
deflections including the effects of the LiPb flow. For uniform impul-
sive pressure, design data is presented which identifies the mechanical
characteristics of these elements. Unstiffened tubes require separate
analysis since these units resist lateral loading by tensile force action
alone, i.e., having negligible shear and bending resistance. For the
dynamic response, two support modes are considered. The first involves
suspension from the upper end with the lower free to move while the
second has the bottom end constrained in addition. For an impulse of
600 dyne-sec/cm?, displacements are found to be quite large for single
suspension, but acceptable for two point suspension. The results shown
are for sequential impulses applied at 5 Hz.

INPORT TUBE MECHANICAL RESPONSE INPORT MECHANICAL RESPONSE
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4 W 6

SEQUENTIAL IMPULSES
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TIME (sec)
0.4 0.8 1.2 I.S 2.0
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2.4 2.8

Forced vibrations produce another response of the INPORT units - non-
planar motion. When the tubes are driven by a force near the fundamental
frequency, large amplitude oscillations become unstable and the tube
displays a component of vibration in a direction perpendicular to the
plane of the force. In essence, the tube begins to whirl, tracing a
tubular path. Amplitude-frequency relationships are determined for both
planar and nonplanar motion, showing regions of instability.

The analysis of the INPORT units shows that the vibration and deflection
characteristics are generally compatible with the HIBALL design. The
results identify the feasibility of the concept and guide the design for
tube placement and their mechanical assimilation in ICF reactors.
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CONTROL OF NEUTRON ALBEDO IN TOROIDAL FUSION REACTORS

B. J. Micklich and D. L. Jassby, Princeton Plasma Physics Laboratory,
Princeton, NJ — The neutron flux spectrum at the plasma vessel wall of
a toroidal reactor has two components: (1) the uncollided fusion neutrons,
and (2) neutrons scattered from reactor hardware. This study investigates
the variations that can be effected in the collided neutron component in-
cident on selected outboard blanket modules by altering the neutron albedo
of portions of the reactor. Physical methods of implementing these changes
and the consequences for several practical applications are examined.

Figure 1 shows the calculated energy distributions of neutrons scattered
from slabs of candidate materials of 20 cm thickness backed by 40 cm of
stainless steel when these materials are irradiated by an isotropic DT fus-
ion neutron source. In the scattered fast-neutron energy range from 1 to 5
MeV, Pb has the highest albedo while H20 and

 6LiH have the lowest. At very
low scattered energies (E < 20 keV), Be has the highest albedo while *"B^C
and 6LiH have the lowest.

The information derived from data such as given in Fig. 1 has been used to
determine how to change the flux spectrum of neutrons incident on the vessel
outboard wall by appropriate choice of materials behind the inboard wall.
The uncollided current at the outboard wall is typically 25% larger than at
the inboard wall for tokamaks with aspect ratios in the range 3 to 5. By
using 6LiH, " B ^ C , or H20 as the inboard material, the effective outboard-
directed current in the source energy group (13.5 to 15 MeV) can be made as
large as 77% of the total outboard current, IT, while the current of fast
neutrons (E>0.5 MeV) is 90 to 95% of IT. With Pb or Be on the inboard
side, I-j- is greatly increased, but the effective current of uncollided neut-
rons is reduced to about 0.5 IT. For Pb most of the collided neutrons are
fast (E>0.5 MeV), while for Be they are relatively slow (E<0.5 MeV).

Changes in inboard materials can be implemented by the use of vertical ducts
installed in a space 20 to 30 cm deep just behind the inboard wall. The
neutron albedo is varied by admitting liquid Pb, liquid Li, or H20 into
these ducts. Materials can also be introduced in the form of pebbles or
microsphe.res, gravity fed from the top of the reactor into the ducts and
retrieved from the bottom. An alternative approach is to support slabs of
different materials by vertical cables in the inboard space.

One important application of albedo modification is the maximization of local
tritium breeding in outboard blanket modules. The 1-D results summarized in
Ref. 1 showed that overall TBR greater than 1.5 can be obtained with no in-
board breeding, in the absence of penetrations, by a combination of Pb and
Zircaloy structure in the inboard region. Three-dimensional Monte Carlo
analyses give similar results when the outboard blanket is extended to cover
approximately 2/3 of the top and bottom of the rectangular plasma vessel.

Reference 1. B.J. Micklich et al., Trans. Am. Nucl. Soc. 41 (1982), 172-3.

Acknowledgment. Work supported by the U.S. Dept. of Energy Contract No. DE-
ACO2-76-CH0-3073 and Electric Power Research Inst. Contract RP-1748-1. B.J.
Micklich was supported by a Fannie and John Hertz Foundation Fellowship.

189



Figure 1. ENERGY DISTRIBUTION OF SCATTERED NEUTRONS

• Isotroplc 14-MeV Neutron Source

• Ir - Total Albedo « Number of Scattered
Neutrons Per Incident 14-HeV Neutron
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EXPERIMENTAL STUDY OF THE ENHANCEMENT OF CRITICAL HEAT FLUX USING
TANGENTIAL FLOW INJECTION

J. Weede, Research Assistant, UCLA, School of Engineering
V. K. Dhir, Professor, UCLA, School of Engineering

The aim of this investigation is to study the enhancement of the critical
heat flux in vertical tubes by injecting fluid tangentially into the tubes.

Until recently, high heat fluxes in fusion devices have been removed by
relying on the heat capacity of the various components with which the
plasma comes in contact. Due to steady improvement in the temperature
and confinement of thermonuclear plasmas, it has become clear that more
efficient means of heat removal must be developed.

An important parameter to consider in the design of high heat flux re-
moval devices is the critical heat flux (CHF). The CHF condition in sub-
cooled, forced flow boiling occurs when the area adjacent to the heat
transfer surface becomes blanketed with vapor bubbles, hindering the
replenishment of liquid to the surface. This condition results in a sharp
increase in the surface temperature as the CHF value is reached, and de-
struction of the surface may result.

Numerous studies of the critical heat flux and enhancement of the CHF are
cited in the literature, but relatively few have been performed with high
velocity, highly subcooled liquids. An early study by Gambill et al. [1]
on the enhancement of CHF using vortex flow did investigate the effect of
these parameters. The authors reported CHF values for vortex flow ranging
from 2.5-17 kw/cm^. Compared on a constant pumping power basis, these
values represent 2.0-3.A times the CHF values obtained for axial flow.
However, the tubular test sections used were of small dimensions with
lengths from 0.5 to 3.2 inches. Although it is generally excepted that
the Lube length does not affect the CHF at longer lengths (>24 in.), this
has not been shown to be true for short tubes.

A later study, again by Gambill et al. [2] examined the enhancement of CHF
due to twisted tape induced swirl flow. Values of CHF from 1.0-11.8
kw/cm2 with enhancement ratios (at constant pumping power) of 2.0-2.5
were obtained. Data was reported over a relatively wide range of tube
lengths, but no attempt was made to systematically determine the effect
of heated length on the CHF.

In the present study, the effect of heated length on the CHF has been in-
vestigated through a systematic variation of both length and subcooling.
In addition, the concept of tangential flow injection is used as a means
of CHF enhancement. This concept utilizes jets which enter the test
section tangentially and at an angle to the tube axis, at several posi-
tions along the tube. Data are taken with and without the jets to deter-
mine the relative enhancement. Parameters investigated in this study
are listed in Table 1. Figure 1 shows data taken for a test section
with jets at two different locations along its length. The enhancement
ratio at constant pumping power is about 1.2, but to achieve the same CHF
with axial flow would require a four-fold increase in pumping power.
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In summary, in this work the critical heat flux in geometries and under
conditions of interest to fusion devices is investigated. In addition,
a novel approach to CHF enhancement is utilized and found to enhance the
CHF without requiring an increase in pumping power.

60-
Table 1. Experimental Parameters
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PLASMA ENGINEERING ANALYSIS OF AN EBT REACTOR OPERATING WINDOW*

R. T. Santoro, N. A. Uckan, and J. M. Barnes
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

A plasma engineering analysis based on recent advances in EBT physics
has been carried out to determine the boundaries of the physics and
engineering operating space within which an EBT reactor is expected to
operate. The analysis was performed using a systems code that is being
developed specifically for EBT reactor design studies. A unique
feature of this code, which differs from those used previously, is the
coupling of the ring and core plasma properties and the self-consistent
treatment of the stability-ring power balance requirements. This paper
describes the models used in the physics subroutines of the code and
illustrates the flow of calculations. The initial operating window is
defined primarily by the limitations imposed by physics constraints
within the allowable limits of engineering and technology constraints.
Additional limitations are imposed by the total electrical power output
of the reactor, neutron wall loading, recirculating power fraction,
cost of electricity, etc.

The basic EBT operation requires a toroidal array of simple magnetic
mirrors with an energetic electron ring contained in each mirror
section (in the midplane) for the stability of the overall plasma
configuration. The stability of the core and that of the ring plasma
are closely coupled. The stability of the core plasma requires hot
electron rings for its stability, and the maximum allowable core beta
is limited by the core pressure-driven interchange [Lee-Van Dam-Nelson
(LVN) limit] near the ring location and is given by 3 c o r e < 2A/RC where

2A is the ring width and Rc is the magnetic field radius of curvature.
The ring stability, on the other hand, is governed by the hot electron
interchange and requires a sufficient amount of core plasma density for
stability (e.g., large n

c o r e/n h o t) • Because of the coupling of the

core beta with the ring dimensions and the coupling of the ring and
core stability, a self-consistent analysis of any EBT system
(experiment or reactor) requires consideration of these coupling
processes.

The features that contribute to reactor advantages arise from the
confinement physics of the EBT concept. These include proven
steady-state operation, neoclassical confinement scaling (nx ~ A 2T 3 ,
where A is the magnetic aspect ratio), and identical modules with
simple circular magnets in a high aspect ratio configuration.

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide
Corporation.

195



The systems code incorporating these features has been designed to
determine the sector geometry, the stability criteria, the power
balance requirements, and the device size for an EBT reactor as
functions of specified input parameters. These include the mirror
ratio, plasma minor radius, core beta, magnetic field properties, and
ring beta and temperature. The range of stable operating ring and core
plasma densities is determined by the LVD limit, the hot electron
interchange, and the constraints imposed by the microwave cutoff. The
power required to sustain the ring (calculated for both electron and
ion rings to compare the merits of each) can be determined since
pring = Pringtocold^hot'P'^rlng*' The core P 0"^ b a l a n c e is also

calculated for the range of acceptable densities specified from
stability. The analysis to this point is performed for the geometry of
a single sector specified by the mirror ratio, magnetic field, plasma,
and coil dimensions. Finally, transport and confinement scaling
determine the aspect ratio of the reactor along with the major radius
and the number of coils required for an ignited or driven reactor. The
net power production, recirculating power fraction, etc. are also
determined.

Reactors characterized by &core ~ 6-10%, wall loadings of 1-3 MW/m
2,

and a recirculating power fraction (for rings only) of 5-10% are within
the operating window. The incorporation of ion rings rather than
electron rings (assuming stability constraints are equally valid for
both) suggests that lower values of recirculating power are attainable
if ion and electron ring volumes are equivalent.
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PLASMA PHYSICS AND ENGINEERING DURING STARTUP AND SHUTDOWN OF TANDEM MIRROR
REACTORS*, R.W. Conn, F. Najmabadi, F. Kantrowitz, D. M. Goebel, and T.K.
Mail, Fusion Engineering and Physics Program, School of Engineering and Ap-
plied Science, University of California, Los Angeles, CA, 90024. During
initial startup, fusion power reactors will pass through several phases
from pre-operational testing to hot functional testing and low power oper-
ation, and finally to staged power increases to full power. Experience
with commercial nuclear fission reactors has shown that non-scheduled shut-
downs are not rare and occur as much as once each quarter. Thus, control-
led operation is required both during fresh startup and during subsequent
shut-downs and restarts throughout the life of the machine. Core plasma
startup and operation at various power levels and in various operating
modes must be accomplished in a manner consistent with the physics of the
confinement scheme, the constraints imposed by the operation of the en-
gineering systems during transients, and the capabilities of the plasma
technology systems, such as the neutral beam, ECRH and ICRH, plasma direct
convertor, and the vacuum and magnet systems. Furthermore, initiation and
maintenance of the core plasma require power input and additional plasma
heating equipment which are used solely during the startup. The plasma
core startup procedure should be chosen to minimize both additional power
and equipment needs.

In this paper, we report initial investigations of plasma operation during
startup and shutdown in tandem mirror reactors. In particular, we discuss
the operation and testing phases of plasma technology systems, identify the
constraints imposed by both engineering and plasma technology systems, and
investigate the core plasma startup and operation in various operating
modes and at various power levels. Generally a startup scenario for a
fusion power plant can be divided into four phases: 1) Plasma initiation
with the production of a target plasma suitable for use with the plasma
heating systems. Use of plasma guns and low energy neutral beams in this
phase (as is done in today's experiments) is probably not suitable for a
reactor because of the large plasma chamber volume, the high cost of auxil-
iary low energy neutral beam injectors, and the presence of the direct con-
vertor system in the end regions where plasma guns would normally be
located; 2) Plasma heating to a stand-by mode with the plasma at fusion
temperature and density. This phase is to be implemented quickly to mini-
mize input power. We find that by starting the plasma at small radius and
low density, auxiliary startup heating equipment and input power can be
sharply reduced. During this period, the proper plasma potential distribu-
tion throuqhout the TMR is established; 3) Operation in the stand-by mode
with a fusion and thermal power output of 1 to 5% of full design value.
This phase is similar to the stand-by operating mode in fi ..ion reactors,
where criticality is achieved but output power is small; 4) Staged power
increases from the stand-by mode to full power, where the time constant for
power changes and the time at various fractions of full power (5%, 20%,
etc.) are determined by the operating constraints of the engineering sys-
tems and the need to establish test results at prescribed operating power
levels. A typical shutdown scenario can be envisioned as the reverse of
the above startup scenario, that is, staged power decreases to the stand-by
mode followed by a reduction in plasma stored energy until the plasma
energy can be dumped repeatedly and safely.
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We have identified three modes of operation during plant startup and staged
power increases: 1. H-Mode; 2. D-Mode or Stand-by Mode; and 3. DT-Mode or
Power Operating Mode. During initial reactor equipment testing and start-
up, it is desirable to minimize the levels of radioactivity in the system.
Hence, most tests of plasma technology systems should be carried out using
a hydrogen plasma (H-mode). Since a high level of input power is required
to maintain the plasma in the H-mode, most tests should be carried out us-
ing pulsed plasma operation (<30 seconds). Furthermore, most tests can be
carried out only when the plugs are operational.

In the stand-by mode or D-mode, the thermal conversion system of the
reactor is not operational. Thermal power from the fusion core and power
from the auxiliary equipment such as pumps are dumped or used to heat the
blanket-shield components. It is possible in a TMR to choose plasma
parameters for the stand-by mode such that the power required to sustain
the plasma can be fully supplied from the direct convertor system. We
refer to this special situation as the Self-Sufficient-D or SSD-mode.
While we find that a 50-50 mixture of DT can be used during the SSD-mode,
the thermal power is about 10% of full power. This may be too large for
true stand-by mode operation. A fuel fixture rich In deuterium has been
found to permit SSD-mode operation with 1-3% of full power. This SSD-mode,
which is possible only because of the direct convertor system, may prove to
be unique to TMR's relative to toroidal devices.

Finally, to reach full power, the tritium fraction in the fuel mixture is
increased (DT-power mode) and plasma parameters (i.e., input power, plasma
radius, density, etc.) are adjusted to produce the required output power.

Since the time constants during staged power increases are generally much
longer than the plasma response time, we have investigated both the SSD
and the DT-modes of operation using a quasi-steady state power balance
analysis and we have considered the constraints imposed by the operating
requirements of plasma technology and engineering systems (e.g., the need
to operate the direct convertor at approximately constant perveance).
"Windows" found in plasma parameter space for allowable SSD and DT-power-
mode operation will be presented.

*Work supported by USDOE.
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ASSESSMENT OF ENERGETIC ION RINGS VERSUS
ELECTRON RINGS FOR AN EBT REACTOR

J. B. McBride
Science Applications, Inc.
La Jolla, California 92033

N. A. Uckan
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830

R. J. Kashuba
McDonnell Douglas Astronautics Company

St. Louis, Missouri 63166

This paper presents the results of an assessment of energetic ion rings for
use in an ELMO Bumpy Torus (EBT) reactor. The properties of ion rings are
compared with those of "conventional" hot electron rings [formed by electron
cyclotron heating (ECH) and used in all EBT experiments to date to achieve
gross plasma stability] to determine if there are potential advantages (from
physics, engineering, technology, and cost considerations) sufficient to
consider replacing ECH-formed hot electron rings with ion rings to stabilize
the EBT configuration and to improve its reactor performance. The
electrical power required to maintain these (electron or ion) rings is
important in a reactor since it influences the recirculating power fraction
and affects the economics.

Our analysis of the physical properties of ion rings includes consideration
of (1) device size and magnetic field strength required for their adiabatic
confinement, (2) energy loss processes, from which a model for ion ring
power balance has been developed, and (3) stability requirements of the
rings and the ring-core plasmas. The power balance model has been made
consistent with these stability constraints.

From considerations of device size, it is concluded that stable, adiabatic
confinement of ion rings (using the criterion p/L < 0.05, where p is the
energetic ion gyroradius and L is the magnetic field scale length) would
require experiments with dimensions and magnetic field strengths comparable
to those envisaged for EBT reactors designed to operate with electron rings.

The stability constraints imposed on the ion rings are found to be similar
to those of hot electron rings for the usual curvature-driven modes, which
determine ring and toroidal core plasma beta limits, as well as the relative
ring and core plasma densities. In addition, modes driven by diamagnetic
effects (which could affect ring size) and ring temperature anisotropy
(which could affect ring energy loss) are also considered.

*Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.
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The energy loss processes for ion rings are very different from those of
electron rings. For reactor parameters, power loss from the electron rings
is mainly dominated by synchrotron radiation, with non-negligible
contributions from scattering and drag losses. Power loss from the ion
rings, on the other hand, is found to be dominated by Coulomb drag cooling
of energetic ions on background core electrons, although drag and scattering
by background ions are not entirely negligible. At the ion ring energies
(>1 HeV) required for stable, adiabatic confinement, charge-exchange losses
are shown to have a small effect on the power balance.

Results of power balance studies show that macrostable, steady-state reactor
operating windows exist for both electron and ion rings with acceptable
power requirements. The power per unit volume required to offset ion ring
drag losses on the background electrons is (in nks units with T in keV)
pion (MW/m3) = 103yRI3CorePring

B't/Tl-core» w n e r e a 1 1 quantities are evalu-
ated at the ring location. Here, yR = mR/mp is the ring ion to proton mass
ratio. Operating at large values of 0 c o r e to optimize fusion power density

(Pfusion ~ ^GoreB't<av>/Tcore^> r i n^ Power loss can be minimized for opera-

tion at high background core electron temperature, Te_core, and at the mini-

mum Sririg required for ring stability. Note also that if Pcore scales with
(pion ~ ^ore 8^' t h e n Pion/Pfusion i s independent of |3core and B.

For the electron ring, the required power per unit volume is (mks units)
P e l e c t r o n (MW/m3) = O.iepringBVy). where g(y) is a function of
relativistic factor y = 1 + Te_ring/inoc

2, and for a ring electron tempera-
ture of about 2 MeV, g(y) ~ 10. For typical reactor cases the ratio of the
power per unit volume required for an ion ring to that required for an
electron ring is Pion/Pelectron ~ 2Core

(10/Te-core) ' w h i c h is on the
order of ~ 0.1-0.5. In comparing total ring power requirements (ion rings
versus electron rings), we find that there can be quantitative advantages in
using ion rings to stabilize the EBT configuration if the ion ring volume
does not greatly exceed the volume of electron ring [e.g., volume (ion
ring) < (2-10) x volume (electron ring)].

Even in cases where total ion ring power requirements are comparable to
those for electron rings, there may be other advantages (e.g.,
engineering/technology/cost) that could be the determining factors. In this
respect, the EBT systems analysis code has been used to evaluate reactor
designs using either ion or electron rings consistent with physics,
engineering, and technology constraints. Parametric trade-off studies
indicate that within the present physics constraints the largest relative
advantages of ion rings come from considerations other than power balance
(e.g., engineering/technology) if, for example, ion rings can be stably
formed and sustained by ion cyclotron heating in comparison to ECH-formed
electron rings. If, on the other hand, physics constraints become more
restrictive for electron rings, advantages in power balance will be the
overriding consideration. Results of these sensitivity studies will also be
presented.
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ANALYSIS OF ALPHA PARTICLE BEHAVIOR IN
EBT REACTORS

M. E. Fenstermaeher
University of Michigan

Ann Arbor, Michigan 48109

N. A. Uckan
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830

A crucial component in the design and operation of any fusion reactor
is the behavior of the alpha particles that are born from the
deuterium-tritium fusion reaction. The number of alpha particles
confined in the fusion reactor affects the plasma particle balance, and
the fraction of the alpha energy that is transferred to the backgrond
plasma electrons and ions affects the power balance of the fusion
plasma. The present work focuses on the problem of alpha particle
retention (or loss) and alpha energy deposition in an ELMO Bumpy Torus
(EBT) reactor.

A formalism has been developed in terms of a drift kinetic equation
with a Fokker-Planck collision operator to calculate alpha particle
loss and energy deposition rate coefficients for one position in space
and for steady-state operating conditions. Pitch angle and energy
scattering terms were retained in the collision term so that the
analysis provides information on alpha particle behavior due to pitch
angle scattering into loss regions in velocity space and information on
alpha energy deposition during slowing down in the device.

A bounce-averaged drift kinetic equation is expressed in invariant

variables E = v2/2 and X - V^B MJJ J/V
2B(£) and is used with energy

scattering and pitch angle scattering terms in the collision operator.
The alpha particle distribution function is expanded in terms of energy
coefficients and pitch angle eigenfunctions. For the case of a square
well magnetic field shape, the pitch angle eigenfunctions are the
Legendre polynomials. Up to seven eigenfunctions are retained for the
calculations. An expression for the alpha particle distribution is
formed and the particle loss rates and energy deposition rates are
calculated by taking the zeroth and first-order energy moments,
respectively, of the drift kinetic equation using this distribution.

•Research sponsored by the Office of Fusion Energy, U. S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide
Corporation.
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The mathematical details of the problem, including the form of the
alpha distribution function, the particle loss rate coefficients, and
the energy deposition rate coefficients will be presented. The
finite-difference scheme is used to solve the eigenvalue problem in the
pitch angle variable.

For typical EBT reactor parameters, initial results show that 1-2% of
the alpha particles are retained in *he background plasma as fusion
ash, 80-90% are scattered into a pitch angle loss region and lost from
the device, 5-1 OS encounter crescent-shaped drift orbits during slowing
down and diffuse from the device on transport time scales, and 2-5% are
born in a pitch angle loss zone. However, the same calculations show
that about 70% of the alpha particle energy is deposited in the core
plasma and the remainder of the alpha energy is distributed as follows:
1-2% to alphas retained in the plasma as ash, 15-25% to alphas
scattering into loss zones, 2-5? to alphas diffusing on transport time
scales, and 2-5% to alphas born in the pitch angle loss zone.

Parametric studies are performed, and sensitivity to plasma potential,
pitch angle, width of loss regions, etc., and computational procedures
are analyzed. From these studies it was observed that the particle and
energy rate coefficients are sensitive to the plasma electron
temperature in the device, only somewhat sensitive to the plasma
potential and pitch angle width for transitional particles, and
insensitive to the background steady-state alpha density. The
sensitivity study of the number of eigenfunctions used in the expansion
of the alpha distribution function showed that the accuracy of the
calculated coefficients increased with the mmber of eigenfunctions and
that values which were accurate within 3% could be obtained using five
eigenfunctions. Trends in this study supported the earlier assumptions
that the first term in the expansion yields the dominant contribution.
Ideas for further parametric studies, upgrades of the numerical
calculation, and extension of the calculation to radially dependent or
time-dependent coefficients are also presented.
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TRANSPORT SCALING STUDIES FOR EBT REACTOR*

T. Uckan, E. F. Jaeger, and N. A. Uckan
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

This paper presents the results of transport simulation and modeling
studies for the ELMO Bunpy Torus reactor (EBT-R). The operating
parameter space of EBT-R is investigated by using both time-dependent
0-D and 1-1/2-D transport calculations. The effects of different
transport scaling assumptions and/or operating modes on reactor size,
plasma parameters, and available steady-state, stable operating windows
are analyzed. The time-dependent 0-D model is used extensively for
parametric burn studies to examine the global plasma performance over
large regions of density and temperature space and variations of these
with plasma size, transport assumptions, and operational scenarios. In
contrast, the time-dependent 1-1/2-D radial transport code is U3ed for
accurate determination of density, temperature, and arabipolar potential
profiles and the role of these profiles in reactor plasma performance.

The particle and energy containment times and the variations of these
with plasma and device parameters are critical in determining the
detailed energy balance of a reactor. In existing EBT devices, the
core plasma losses are largely governed by the neoclassical electron
transport, leading to a simple scaling nx ~ A2Tj'2f(e$/Te, profiles),
where A is the magnetic aspect ratio and e$ is the ambipolar potential.
Because the neoclassical electron losses dominate the experimental
behavior, it is difficult to make comparisons between the theoretical
neoclassical ion losses and experimental observations. Scaling laws
governing ion behavior are important in a reactor. At present, ion
transport principally determines the radial electric field (E = -v>}
needed to maintain ambipolarity. Variations over neoclassical ion
transport are also considered in the study to test the sensitivity of
reactor parameters.

The particle and energy balance equations solved are of the form (for
the jth species, j = e, D, T, ...)

+ v . rj = s p j ,

a[(3/2)njTj]/3t + 7 • Qj = P E j

where S_ is the net particle source (sink) and Pg is the net energy
source (sink). Here P and Q are the particle and energy fluxes,
respectively, and their radial components can be written (for each j
with charge q) as

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide
Corporation.
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rr = - Dn(Vn - qnEr/T) -

Qr = - KT7T - K^Vn - qnEr/T) ,

where the D's and K's are transport coefficients.

In the experiments, the observed radial electric field points in a
direction opposite to the radial magnetic field gradient inside the
ring (e.g., E,. < 0). As a result, radial electron transport is
dominated by nonresonant processes, whereas ion transport (at low
collisionalities, v/ft < 1) is dominated by resonant processes.
Although in the present experiments (Te > T^) E r < 0 in the central
plasma column, Ep > 0 is also possible if the roles of ions and
electrons are interchanged (T^ > T e ) , which is favored in a reactor
plasma. In this case ions are nonresonant and electrons are resonant
(for small v/$2). Recently,1 analytic transport coefficients have been
derived for finite electric fields in EBT (which reduce to Kovrizhnykh2

coefficients in the large electric field limit) for both nonresonant
and resonant particles. With these coefficients, the resjlts from
1-1/2-D transport calculations are in good agreement with the
experiments. 1 The same diffusion coefficients are used for reactor
calculations to predict reactor performance.

In a global analysis with Ep < 0 (which leads to the simple scaling
nx ~ A 2 T 3 / 2 ) , it is observed that large device sizes (A > 20) are
required ior ignition. Analysis with the 1-1/2-D transport simulation
code, on the other hand, has provided much better results giving an
important new insight on confinement scaling of EBT in going from
present experiments (EBT-S) to EBT-R. It is observed from the 1-1/2-D
code that in the EBT-S -»• EBT-R sequence, profile effects near the outer
edge of the hot electron ring lead to enhanced confinement beyond the
simple scaling that is obtained from the global analysis (which omits
these profile effects). Profile effects suggest that confinement
exceeds the simple scaling by at least a factor of 2-5. (A similar
enhancement factor of 2-5 is also observed to be possible with Er > 0.)
This in turn implies that ignition is possible in a device smaller than
that predicted by global (0-D) analysis. It should be pointed out that
the radial profiles of core plasma density and temperatures (or core
pressure) obtained from 1-1/2-D transport calculations are similar to
those theoretically required for stability. Benchmark calculations are
carried out to modify weighted averages in the 0-D code to reproduce
the results of the 1-1/2-D code. The physics involved in these
weighted averages will be discussed and detailed results from the study
will be presented.

*C. L. Hedrick et al., "Theory of Transport and Heating in EBT,"
IAEA-CN-41, paper V-11 (1982).
2L. M. Kovrizhnykh, Sov. Phys.-JETP 24, 175 (1969).
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PLASMA ENGINEERING FOR MARS*

G. A. Carlson, W. L. Barr, B. M. Boghosian, R. B. Campbell,**
R. S. Devoto, G. W. Hamilton, B. M. Johnston, W. N. Kumai, B. G. Logan

Lawrence Liverraore National Laboratory, University of California
Livermore, California 94550

SUMMARY

Two areas of emphasis for plasma engineering in the Mirror Advanced
Reactor Study (MARS) are the physics constraints of the magnetic config-
uration and plasma performance modeling. Work in these areas has set the
physics basis for the interim MARS design (at the midpoint of the two-
year study), and continued work will lead to the final design parameters.

The MARS magnetic configuration consists of a 150-m-long central cell, at
each end of which is an axicell, a transition region, and a yin-yang
anchor/end plug (see Fig. 1). The axicell is an axisymmetric mirror cell
adjacent to the central cell. The purpose of the axicell is to limit the
passing of central cell ions to the end plug, and thus reduce the
requirement for trapped particle pumping. The two coils following the
axicell are transition coils. The transition is of the double-ellipse
type, as evidenced by the flaring of the flux bundle, first horizontally,
then vertically. The final coil pair is the yin-yang anchor, which maps
the elliptical flux bundle of the second transition coil through a
minimum-B mirror cell. This cell provides the primary good magnetic
curvature for MHD stability and is also the location of the thermal
barrier and the confining potential peak.

To limit radial transport, the MARS transition is adjusted to null the
magnetic field line integral of geodesic curvature,

potential peak

ds = 0 (1)

axicell

The MHD flute interchange stability criterion is given by

L

- ^ * ds > 0 (2)
B

-L

where Jl is the normal curvature of the field line. We also require
that B be symmetric about the anchor midplane tc ensure that the m = 1
ballooning limit will approach the interchange limit.

*Work was performed under the auspices of the U.S. Department of Energy
by the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
**TRW, Inc., Redondo Beach, California 94550
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We use a zero-dimensional, multi-region fluid code to determine the
parameters of the MARS plasma. The axial plasma potential profile,
consistent with the particle and energy balances, is shown in Fig. 2,
along with the magnetic field profile. We bias the potential near zero
in the central cell and negative in the transition region to satisfy
constraints imposed by central-cell plasma rotation and radial transport.

The central-cell plasma has a centerline DT density of 4.2 x 1014 cm"3

and ion temperature of 35 keV and produces 3500 MW of fusion power. The
first wall neutron loading is 5.0 MW/m2.

The MARS plasma heating systems consist of neutral beams and ICRH and
ECRH microwave systems. The anchor neutral beams inject 20 A of 475 keV
deuterium into each anchor to sustain the sloshing ion distribution there.
The charge-exchange pump beams inject 740 A of 97 keV deuterium into each
transistion regie-.. Beam neutrals that undergo charge-exchange with
trapped ions perform the desired pumping function: the new neutral is
lost to the wall, while the new ion fuels the central cell. The axicell
mirror-confined plasma is sustained by ICRH heating. The ICRH frequency,
180 MHz, is the second harmonic for tritium at the axicell minimum
field. The injected power is 23 MW per end. ECRH heating is used for
sustenance of the hot mirror-confined electrons at the barrier location
and the warm electron population at the location of the potential peak.
Fundamental frequencies at the vacuum magnetic fields are 64 and 96 GHz,
respectively. Finite 0 and relativistic effects will tend to lower the
required frequencies.

The plasma Q for MARS, fusion power divided by total absorbed injected
power, is 14.2. This plasma performance, along with the presently
estimated performance of all of the other reactor systems, results in a
recirculated electrical power that is about 30Z of the gross electrical
power of the reactor. The highest leverage area for future improvement
of the MARS power balance is in the design of the trapped particle pump
system. Our continuing work on MARS plasma engineering will investigate
radial drift pumping, a process that appears to require very little power
input. Incorporation of drift pumping into MARS could nearly double Q
and halve the electrical power recirculated to the plasma heating systems.

CENTRAL CELL AXI-CELL TRANSITION YIN YANC MCHOR/PLU6

Fig. 1. Magnet configuration
with one quadrant of
magnetic flux blundle. Fig. 2. B field and potential profiles.

206



PARTICLE CONFINEMENT IN EBT REACTORS WITH NONCIRCULAR
MIRROR COILS

L. W. Owen
UCCND Computer Sciences at Oak Ridge National Laboratory

and
N. A. Uckan

Fusion Energy Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Methods of improving single particle confinement in the vacuum magnetic
field of an EBT reactor have heretofore focused on enhancement of the
effective magnetic aspect ratio through the addition of relatively low
current supplementary coils to the basic EBT configuration of
toroidally-linked circular mirror coils. Recently the Nagoya Bumpy Torus
(NBT) Group has investigated confinement with noncircular mirror coils in
the planned NBT-II experiment. The parameters describing the
noncircularity are similar to those of typical tokamak D-shaped TF coils.
In a bumpy torus, however, the vertical "straight" leg is optimally located
on the outside of the torus rather than on the inside, i.e., the coil i3
inverted from that in the tokamak configuration. In a toroidal array of
these coils, this orientation results in a partial cancellation of the
vertical drift that arises from the toroidicity. The purpose of the work
reported h'.sre is to examine possible reactor applications of noncircular (D)
coils, with particular emphasis on comparisons with supplementary coil
techniques of aspect ratio enhancement.

A critical parameter in the assessment of any EBT reactor magnetics
configuration is the radial distance 5 between the first wall of the reactor
chamber and the mirror coil windings. This space is occupied by the first
wall, blanket/shield assembly, coil dewar, expansion voids, thermal
insulation, etc. Reactor neutronics calculations indicate that 5 = 1.0 to
1.5 m is typically required for adequate neutron shielding and acceptable
breeding ratio. It is instructive to compare the ratio of 5 to the mean
coil radius Rc for present and near-term experiments with that for a
reactor. In EBT-I/S <5 is just the coil bobbin thickness and <5/Rc

 = 1/8,
while for the proposed EBT-P experiment with superconducting magnets,
<5/R0 ~ 1/4. Assuming Rc = 3 m for the mirror coils gives 5/Rc ~ 1/3 to 1/2
for a reactor. Alpha particle first orbit losses and efficient plasma
volume utilization are primary considerations in an assessment of the impact
of large 6/Rc on reactor economics and performance. Without supplementary
coils to modify the vacuum magnetic field in the reactor chamber, a large
value of <S leads to a large reactor volume (either large mechanical aspect
ratio or major radius so that the orbits are more well-centered, or large
minor radius and correspondingly smaller 6/Rc).

It was shown in Ref. 1 that the use of symmetrizing (SYM) coils, with
circular mirror coils and with 6 = 1.5 m, resulted in a magnetic field

Research sponsored by the Office of Fusion Energy, U.S. Department
of Energy, under contract W-7405-eng-26 with Union Carbide Corporation.
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geometry within the reactor chamber in which the midplane mod-B was
symmetric across the minor axis at the ring location. The corresponding
magnetic aspect ratio enhancement factors were approximately 2 (1.5) for
trapped (passing) particles. Similar results were obtained with
axis-encircling aspect ratio enhancement (ARE) coils. Both ARE and SYM
coils improve volume utilization and single particle confinement by
lengthening the magnetic field lines on the inside of the torus relative to
those on the outside, with SYM coils being the more efficient in terms of
magnetic field utilization.

Does the use of D-coils alone in the basic EBT configuration permit a
significant reduction in the size of an EBT reactor? To answer this question
and to isolate the effects of noncircularity, consider a system of given
major radius, number of sectors, mirror ratio, etc. in which the circular
mirror coils are replaced with D-coils whose diameter, ellipticity, and
triangularity are chosen to give the same mirror ratio on axis. The mean
diameter of the D-coils across the equatorial plane is typically ~ 80% of
that of the circular coils for ellipticity and triangularity values of 1.75
and 0.7, respectively. If the mechanical aspect ratio is defined as the
major radius of the torus divided by the mean coil radius in the equatorial
plane, then the aspect ratio of the D-coil system is ~ 25% larger than that
with circular coils. Even though, for a given 5, the minimum plasma clear
bore dimension (plasma diameter in the equatorial plane at the coil center)
is significantly reduced with D-coils, the "window11 for high energy passing
particles is approximately the same as that for a system of circular coils
having 25% larger major radius. In addition, D-coils are extremely
effective in symmetrizing mod-B in the midplane, thereby giving good trapped
particle confinement and reactor volume utilization.

In conclusion, noncircular or D-coils represent an attractive alternative to
the supplementary coil technique of aspect ratio enhancement. Even though
the aspect ratio enhancement factors (~ 1.25 to 1.5) are less than those
obtained with ARE and SYM coils, the resulting magnetics system is
significantly less complicated with D-coils. In addition, assembly,
maintenance, and access should not be adversely affected, as it is with
systems in which there are two supplementary coils per sector.

REFERENCES

1. L. W. Owen and N. A. Uckan, Journal of Fusion Energy, Vol. 1, No. 4,
1981.

2. A. Tsushima, H. Tsuchidate, T. Kamimura, M. Fujiware, and H. Ikegami,
"Noncircular Bumpy Torus," Report from IPP, Nagoya University, Nagoya,
Japan.
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RISK CONSIDERATIONS FOR FUSION ENERGY

M. S. Kazimi
Department of Nuclear Engineering

Massachusetts Institute of Technology

In this paper, the risk associated with fusion energy is evaluated and
compared to other long-term energy options.

Public Health Risk-Routine Effects

A fusion plant has many potentially dispersible toxic materials, including
tritium, radioactive corrosion products entrained in the coolant, air
activation products, and non-radioactive toxic chemicals such as lithium,
beryllium, and lead. During normal operations, tritium will probably
be the principal radioactive substance released from the plant which will
have a significant public health effect. This risk assessment assumes a
release rate of 10 Ci/day.

Piet and Kazimi (1) found dose estimates using the release rate of 10 Ci/day,
local dispersion models, global dispersion models, and two representative
U.S. sites (Rancho Seco and Indian Point LWR sites). The combined dose from
local and global dose commitments range from 13 to 700 man rem/yr. Assuming
these dose commitments are based on the operation of a 1000 MWe plant at 70%
capacity, the dose commitment is 0.0186-1.00 man rem/MWe-yr. For the
present purpose, the figure 2x10 cancers/man rem whole body dose (50% of
the cancers fatal, 100 man days lost per non-fatal cancer) can be used. The
public health effects are (0.02 - 1.00) x 10"^ fatal ity/MWe-yr and (1.86-100)
x 10~4 MDL/MWe-yr. These effects are substantially less than those
associated with coal fired plants and somewhat less than those of fission
plants.

Both low-level radioactive waste (LLW) and high-level radioactive waste
(HLW) will be generated in a D-T fueled fusion plant. Almost all waste is
produced on the power plant site. This is not the case for fission where
fuel acquisition and processing generate substantial amounts of waste.
Taking the STARFIRE design as a reference, the routinely generated volume
of low level and high level waste due to power plant operation is found
to be similar to fission reactors. However, the biological hazard
potential (BHP) of fission wastes appears to be substantially more than
fusion wastes. Furthermore, the radioactivity of fusion structures is not
in a form readily dissolvable in water.

Public Health Effects-Accidental Releases

It can be shown that mobilization of a significant fraction of first wall
radioactivity will require difficult to achieve conditions, involving
either a large-scale lithium fire (2) or a continued plasma heating for
over a minute after a loss of coolant (3). The fraction of the first
wall that would be mobilized under realistic lithium fire conditions
was found small compared to the tolerable limits (2). Hence, it is
assumed here that the accident generated risk is small compared to that
of the WASH-1400 calculated fission reactor risk.
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Health Effects of the Total Fuel Cycle

An assessment can also be made of the risk to worker health implied in
the utilization of fusion reactors as a source of electricity. In this
method the risk is measured in terms of days lost due to occupational
injuries and diseases and deaths of workers resulting from all components
of the fuel cycle.

Comparison to risk with coal, LWR, soJar thermal and solar-photovoltaic
plants has been undertaken. Three major sources of data on risk were used:
the revised Inhaber study (4), Holdren et al. (5) and IAEA/IASA study (6).
The results are shown in Table I. It is seen that, compared to other
fuel cycles, fusion is in a favorable position with respect to risk.

TABLE I: Risk

Coal: IASA
Inhaber
Holdren

LWR: IASA
Inhaber
Holdren

Solar IASA
Thermal: Inhaber*

Holdren
Solar IASA
Photo: Inhaber*

Holdren
Fusion: This work

from Alternative Power Sources per MWe-yr

Occupational

Injuries
MDL

4.2-4.4
5.2-7.7
1.8
0.57
0.25-0.9
0.41-0.44
8.5
17.2-28.8
1.39-3.0

45.7-48
1.23-2.84
0.57-0.86

10~3 Deaths

1.18-1.28
2.3-10.1
1.1
0.59-0.66
0.23-1.32
0.15
2.12
0.92-8.85
0.49-0.76

15.4-18.3
0.35-0.68
0.16-0.24

Public

Injuries &
Illnesses
MDL

0.61-0.74
5.15-1080
NA
0.006
0.011
NA
0.077
0.5-7.5
NA

0.69-0.99
NA
0.0002-0.01

_3
10 Deaths

3.77-23.38
2.8-152
NA
0.27-0.34
0.03-0.29
NA
0.1-0.55
0.51
NA

0.1-0.72
NA
0.002-0.1

*Without backup energy sources.
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RELATIVE PUBLIC HEALTH EFFECTS FROM ACCIDENTAL
RELEASE OF FUSION STRUCTURAL RADIOACTIVITY*

S. J. Piet**
EG&G Idaho, Inc.

M. S. Kazimi
Massachusetts Institute of Technology

L. M. Lidsky
Massachusetts Institute of Technology

Analytical tools are needed to estimate public health effects from released
fusion radioactivity for both safety studies and comparison of the hazards
associated with candidate structural materials. The relative acute and latent
health effects from 316 SS, Vanadium alloy, and TZM have been calculated and
compared using the FUSECRAC1 code. This code is a modified version of CRAC2,
with a fusion-isotope data base. The evolving CRAC code is a product of the
Reactor Safety Study-^ and represents the state-of-the-art in accident conse-
quence assessments. This paper summarizes the key reasons, problems, and
results of the FUSECRAC comparison.

Public health effects from accidental release of fusion radloisotopes have
been estimated and compared using several methods. The most common have been
the radioactivity (in curies) and the Biological Hazard Potential (BHP).
Since the toxicity of isotopes varies, the radioactivity measure alone is
inadequate and inappropriate to compare hazards associated with different
materials. The BHP of an isotope is the activity divided by the maximum
permissible concentration, MPC. The level of steady-state contamination of
the environment (air or water) resulting in a specified dose to one isotope-
dependent critical organ determines the MPC. Transient behavior effects from
atmospheric dispersion and ecological movement are ignored. Only internal
exposure pathways (inhalation, ingestion of water) are considered. Since
actual health effects are caused by exposure to all organs with differing
sensitivities from all pathways, the BHP is inadequate to assess accidental
release hazards.

Fission accident health assessments generally use some version of the CRAC
code (Calculation of Reactor Accident Consequences) or other similar code which
includes transient behavior and sums over all organs, all isotopes, and all
exposure pathways (ingestion, inhalation, groundshine, and cloudshine). With
a code modification for tritium and a fusion-isotope data base, the FUSECRAC
code was developed to calculate fusion accident health consequences. The
uncertainties in the data base, primarily ecological transfer values and some
organ-specific internal dose factors, limit the accuracy. However, the errors
are believed small enough to allow comparison of different structural materials.

* Work supported by the U.S. Department of Energy Assistant Secretary for Research,
Office of Fusion Energy, under DOE Contract No. DE-AC07-76ID01570.

**For part of the study, author was supported by a Magnetic Fusion Energy Tech-
nology Fellowship administered for the U.S. Department of Energy by Oak Ridge
Associated Universities.
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Several alloys were compared as part of an overall study of the materials
impact on the consequences of potential fusion accidents*. The results were
somewhat unexpected; whereas BHF measures show 316 SS and TZM hazards to be
about a factor of ten higher than Vanadium-alloy, the FUSECRAC comparison
(Table 1) shows that 316 SS hazards are much higher than either TZM or
V-15Cr-5Ti*.

TABLE 1

Relative Latent Health Effects Per Unit Volume of First Wall Released

Early Exposure Chronic Exposure Total Exposure

V-15Cr-5Ti 1 1 1

TZM 2 2.5 >2

316 SS 6 150 >100

The poorer 316 SS performance is understandable due to the presence of signi-
ficant amounts of several isotopes (60Co, 58Co, 57co, 55 F e > 54}fa) with half-
lives between ^ . 5 and ^5 years. Shorter*lived isotopes generally decay fast
enough to minimize exposure to man. The amounts of longer—lived isotopes in
TZM and 316 SS nay be a waste disposal problem, but environmental processes
reduce their contribution to accidental health effects.

In summary, a new tool exists for estimating public health effects of fusion-
specific isotopes which is a substantial improvement over past methods.
Potential hazards from 316 SS are found to be orders of magnitude higher than
V-15Cr-5Ti and TZM per unit volume of activated first wall released.
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RISK ASSESSMENT TECHNIQUES FOR THE EVALUATION
OF TRITIUM ACCIDENT MITIGATION

S. Z. Bruske, EG&G Idaho, Inc.
D. F. Holland, EG&G Idaho, Inc.

The risk assessment methodology provides a means to systematically examine the
potential for accidents that may result in a release of hazardous materials.
It can also be used to compare various design options and once a system or
plant design has been chosen, the risk assessment methodology can be used to
demonstrate compliance with safety criteria.

To demonstrate the risk assessment methodology, a study has been performed on
the Tritium Systems Test Assembly (TSTA) at the Los Alamos National Laboratory
to examine the potential for accidents leading to a tritium release.1 This
paper concentrates on the evaluation of tritium accident mitigation which is
one of the major steps in a risk assessment.

The TSTA consists of tritium processing equipment (Figure 1) that simulates
the proposed fuel processing system for a fusion facility. For the purposes
of the study, only those systems that will be typical systems for a fusion
facility were analyzed. These systems were the vacuum pumping system, fuel
cleanup system, isotope separation system, tritium waste treatment system, and
the emergency tritium cleanup system. Relevant portions of secondary and
interfacing systems, such as the tritium monitoring system and secondary
containment, were evaluated as necessary. The master data acquisition and
control (MDAC) system was shown as an interface, but was treated as a "black
box" in the evaluation.

The risk assessment was performed in five steps. The first step determined
the accident initiators, that is, those events that could result in an un-
desired radiological release if not checked or mitigated. Fault tree analysis
was used to identify the barriers that must fail for a release to occur and
the mechanisms (accident initiators) that could cause failure of each barrier.
In the second step, an event tree was developed for each of the important
categories of accident initiators identified. An event tree is a logic diagram
that depicts all meaningful outcomes, or accident sequences. The accident
sequences are a result of each applicable safety feature, either responding or
not responding to a given accident initiator. The third step was event tree
quantification. To quantify the accident sequences, the probability of failure
of the systems that make up the event tree was determined. The fault tree
method was used to determine system failure probabilities by identifying and
recording various combinations of component faults that could result in a
predefined undesired state of the system. The fourth step was the determination
of the release magnitudes. Each accident sequence identified in an event tree
results in a release magnitude. Determination of release magnitudes required
assessing the radioisotope inventory, the distribution of the activity, and
key release processes. The fifth step required assigning the consequences to
the accident sequences and deriving probability-consequence curves for risk
comparisons. A probability-consequence curve plots the frequency of an event
occuring against the magnitude (consequence) of the event.
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The study confirms that the TSTA was designed to enhance safety. Redundant
equipment was used to sense critical parameters, the fail-safe state was
employed where possible, and secondary containment was provided for systems
handling large tritium inventories. However, the study was identified single
faults that negate redundancy of the component level. Loss of MDAC may have a
significant effect on the system failure probability, but this is highly
dependent on the assumed MDAC failure probability.

References

1. Tritium Systems Test Assembly Final Safety Analysis Report, Draft,
December 1981.

Work supported by the U.S. Department of Energy Assistant Secretary for Research,
Office of Fusion Energy, under DOE Contract No. DE-AC07-76ID01570.

Neutral

inte

1

rface

Impurities

Torus
moc k-up

i

Storage

Experimental
contamination
studies

Vacuum
system

He

Di

D2

DT

T2

Tritium
waste
treatment
system

Fuel

ciean-up
system

i

DT

isotope
separation
system

D2

Emergency tritium clean-up system
Gas analysis
Waste disposal
Tritium monitoring
Inventory control
Master data acquisition and control

INEL 2 1385

Figure 1 . Main process loop and auxiliary sysiems.

216



SAFETY ANALYSIS REPORT FOR THE TRITIUM SYSTEM TEST ASSEMBLY*

R. V. Carlson
Los Alamos National Laboratory

One of the primary objectives of the Tritium Systems Test Assembly (TSTA)
is to demonstrate the safe operation of the technologies associated with
the deuterium-tritium fuel cycle of future fusion reactors. During the
design and construction phase of TSTA, safety analyses were performed on
the various subsystems that constitute TSTA and the integrated TSTA system
to help assure that TSTA will be operated safely, without causing signifi-
cant risks to the operating personnel, the general public or the environ-
ment. The safety analyses were initally documented in the Preliminary
Safety Analysis Report released in March of 1980. In September of 1982
the Final Safety Analysis Report (SAR) was approved by the Department of
Energy and the Los Alamos National Laboratory.

The SAR is an indepth safety analysis of TSTA performed by the TSTA design
team. It contains enough detail on the design and construction of TSTA
to assure a firm basis for the evaluation of the safety of the system.
Each of the subsystems was analyzed in detail with a Failure Modes and
Effects Analysis (FMEA) to evaluate the adequacy of the safety features
of the design, to identify critical failure modes, and recommend alterna-
tives or precautions that would mitigate the probability or the effects
of the failure. Compound and common mode failures were also addressed.
Qualitative probability, based on practical experience, and risks were
assigned to each failure. In the analysis, only failures of major com-
ponents (safety related) were analyzed. It was beyond the scope of the
analysis to do a more detailed probabalistic risk analysis or event/fault
tree analysis. The latter analysis techniques are being applied to a
generic type of TSTA system by EG&G Idaho National Laboratory. The ef-
fects of failures induced by outside forces (external to the operation of
TSTA) both man-made and caused by natural phenomena were also determined.

In this paper we will present a summary of the significant results and
conclusions of the SAR. The following topics were included in the SAR:

Safety Assessment of Site,
Description of the Facility,
Facility Operation,
Accident Analysis,
Critical Safety Systems,
Air and Water Pollution Control,
Environmental Monitoring Program,
Waste Handling Storage and Disposal,
Quality Assurance and Acceptance Program,
Health, Safety and Environment Management Program,
Summary of Emergency Plan,
Summary of Employee Training,

This work is supported by the Office of Fusion Energy, US Department
of Energy.
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Summary of Operating Procedures,
Operational Safety Requirements.

Specifically, we will discuss results of the postulated accident analysis
which includes quantity of tritium released, site boundary dose, worker
dose rate and probability of occurrence. This is given for both natural
phenomena-caused accidents and accidents initiated by failures in the TSTA
system. It is shown that, except for accidents whose probability of oc-
currence is so small they can be assumed they will not be experienced, the
consequences of the accidents are below the TSTA design dose commitments.
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ENVIRONMENT AND SAFETY - MAJOR GOALS FOR MARS.*

R. Carroll Maninger
Lawrence Livermore National Laboratory, Livermore, CA 94550

The current strong support in the U.S. for the fusion energy program is
based upon the general consensus that controlled fusion reactions can be
achieved, that fusion will provide an inexhaustible energy source, and
that fusion will be a benign energy source with respect to health, safety
and the environment. Continuing progress in fusion research reinforces
the consensus that fusion will work. This confidence in turn has been
the motivation for several conceptual design studies of fusion power
reactors to begin defining areas where engineering and technology develop-
ment will be needed to realize the full benefits from fusion power. The
Mirror Advanced Reactor Study (MARS) is cne of the latest conceptual
design studies.

One of the efforts in MARS is to consider the impacts of design and
materials selections upon generation of radioactive wastes by neutron
activation. A numerical index for classifying activated materials has
been devised to rate quantitatively the performance of reactor designs
and materials with respect to radioactive waste management. The ratings
are based upon predicted activation products for any given material and
design and upon existing and prospective trends in regulations for radio-
active wastes. The results ot applying these ratings to the first wall
and blanket designs will be given not only for MARS but also for several
previous conceptual designs of fusion reactors.

A conclusion based upon this effort is that fusion power systems will not
be benign to health, safety, and the environment unless there is dedicated
and substantial engineering effort in new materials development and
selection in the very early phases of reactor design. For this reason,
one of the important goals of MARS is to provide design guidance so that
fusion reactors can indeed meet reasonable expectations for a benign
energy source.

Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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SAFETY CONSIDERATIONS IN THE DESIGN
OF THE FUSION ENGINEERING DEVICE*

R. J. Barrett
Fusion Engineering Design Center/Burns & Roe, Inc.

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Safety considerations play a significant role in the dasign of a near-term
Fusion Engineering Device (FED). Safety of the general public, the plant
workers, and the fusion device are considered. For the safety of the general
public and plant workers, the radiation environment caused by the reacting
plasma is the dominant consideration. The safety of the device is dictated
by the economics of device repair and operation.

I)'rect radiation protection is provided by the device shield and the reactor
building walls. Radiation from the activated device components and the tritium
fuel are to be controlled with shielding, contamination control, and ventilation.
Since FED is being designed under the cognizance of the DOE, the DOE regulations
and guidelines for radiation protection have been reviewed and are being
applied to the device design.

The safety of the general public and environmental impacts have required that
particular attention be paid to the potential release of tritium from the plant.
This consideration has influenced the selection of reactor building shape and
the specification of scne ventilation system parameters. These considerations
are expected to exert a significant influence on the building structural design
as they are translated into reliability requirements to accommodate potential
tritium release scenarios.

The safety of the plant workers is effected primarily by the radiation from the
activated device components and from plasma chamber debris. The potential
for tritium contamination of components and building atmospheres is also having
a significant impact on building and facility design. For example, the thickness
of the outboard device shield is established to allow worker entry into the
reactor building for device maintenance 24 hours after shutdown. The highly
activated device components require that all maintenance activities in the
reactor building be designed to be capable of totally remote operations. The
hot cell facility design has evolved as a totally remote maintenance facility
where personnel entry will be precluded due to the high radiation levels of
the device components. Safety considerations are also affecting maintenance
equipment and internal building design as design techniques are applied for
control of radioactive contamination and tritium. The potential for tritium
contamination of coolant systems requires establishing stringent leak rate
criteria and consideration of enclosures around cooling system components in
order to help keep the reactor building clean enough for personnel entry.

In summary, the paper will address the important safety considerations in the
design of FED and give some examples of impact of these considerations on the
preliminary design activities.

*Research sponsored by the Office cf Fusion Energy, U.S. Department of Energy,
under contract W-7405-eng-26 with the Union Carbide-Nuclear Division.
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SAFETY AND ENVIRONMENT TRITIUM PROBLEMS IN A TOKAMAK REACTOR, OPTIMISATION
OF WORKERS AND PUBLIC PROTECTION AND THE ROBOTICS CHALLENGE

D. LEGER, J.L. ROUYER, J. VERTUT
Commissariat a 1'Enei.gie Atomique, France

Handling of safety and environment tritium problems in a tritium
breeding fusion reactor is not an easy task because of large inventories and
presence of tritium throughout the facility. In accordance with ICRP
principles, a realistic optimisation of protection of workers and the public
must be made with designers and tritium technologists.

This work, which has received support from CEA and the European
Communities, compares numerous design and technical options which are all
eligible for correct reactor operation, including in maintenance and
accidental situations.

The options vary along with tritium circuits and containments
tightness, tritiated containments volumes, number and sizes of detritiation
and ventilation equipments, partition of robotics and contact maintenance,
tritiated waste management strategies.

Values for the basic parameters are taken out from an enquiry at
operators of French facilities and from a litterature survey. This search
for data revealed for example that leakage rates from heavy water circuits
can rather easily get below 200 kg per year.

A modelization has then been made to simulate the configurations
studied. Optimisation referred to ICRP principles : the best solutions are
these with the lowest total costs. All significative costs within the limits
of the tritium containment and trapping system has been taken into account :
equipements, man power, wastes, man-rems, reactor avaibality.

Qf COr>teiGUfl*Tit»JS STUDISD
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The results show the dominating weight of equipment costs, tritium
shadow price and machine availability. The interest for tight containments,
limited tritiated volumes and low relative humidity atmospheres is
demonstrated. However, ALARA aspect alone cannot justify clean hand
operation in tritium contaminated atmospheres.

Low tritium concentration in the atmospheres of the reactor is promoted
by total waste management considerations and cost of man power. Provided
that limits are respected, dose related costs alone do not weigh very much,
but costs of tritiated wastes (frogmen suits, large volumes of contaminated
wastes) and diminution of workers efficiency are significant.

The utilization of robotics is promoted by better availability of the
reactor because it allows to continue the work in places where tritium
concentration and irradiation can get high levels. This availability
advantage should pay off a development of robotics applied to fusion in an
optimal combination with contact maintenance. For that, computer aided
teleoperation must first reach a time efficiency closely equivalent to
contact maintenance. Time efficiency of about four or five to one time clean
hand operation is demonstrated yet, which is about twice frogmen operating
time. The next step is to get a factor two or more improvement via computer
aided planning and computer aided teleoperation. Such a challenge is
considered for fuel reprocessing remote maintenance on new facilities but
appears extremely difficult on existing power reactors. Joint effort for
robotics applied to fusion is then very important.
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THE MIRROR ADVANCED REACTOR STUDY (MARS)*

B. Grant Logan, MARS Program Leader
Lawrence Livermore National Laboratory, Livennore, CA 94550

The Mirror Advanced Reactor Study (MARS)* is at the midpoint of a major
two-year study of a commercial tandem mirror reactor, conducted by the
Lawrence Livermore National Laboratory (LLNL) for the U. S. Department of
Energy, with TRW as a prime industrial partner, General Dynamics, EBASCO,
and SAI as subcontractors, and the University of Wisconsin as a university
partner. Grumman Aerospace Corp. is also contributing a significant
portion of the engineering effort. The main objectives of MARS are:
(1) to design an attractive fusion reactor producing electricity and syn-
fuels in a 10th of a kind commercial stage of development, (2) to identify
key development and technology needs for the commercial tandem mirror
reactor and its forerunner, the Fusion Power Demonstration reactor (the
mirror ETR), and (3) to exploit the potential of fusion for safety, low
activation and simple disposal of radioactive waste.

MARS is a-linear tandem mirror fusion device using electrostatic, thermal
barrier plugs^ to confine a steady-state fusion plasma in a long
solenoid (typically 150 meters long to produce 3500 MW fusion power,
yielding about 1500 MWe net). The main fusion plasma in the central cell
is pellet-fueled and energetically sustained by alpha heating (ignition),
while continuous injection of 90 kV and 475 kV neutral beams and 60 GHz
ECRH maintains the plug confining potentials of 150 kV for the ions and
200 kV for the electrons. The plasma exhaust and vacuum pumping is
accomplished in large vacuum tanks at the ends, where direct conversion
of escaping ion and electron energy recovers about as much electricity
(i» 500 MWe) as consumed by the plug beams and ECRH. Alternative drift-
pumping of the thermal barriers currently being considered may halve this
recirculating power. Alpha ash and impurities diffuse into an outer
radial plasma zone, or halo, which is not electrostatically plugged. This
natural diverter sweeps the impurities into the large direct converter
tanks, thus minimizing plasma bombardment and surface heating of the first
wall in the central cell.

The MARS end plug magnets, all steady state, are the same axicell type as
in MFTF-B,^ using proven yin yang magnets for high-beta MHD stability,
and double quadrupole transitions to circularize the central cell flux
tube and to control radial transport in the transitions. The MARS yin
yang size and field are comparable to the MFTF-B yin yang recently tested
at LLNL. High central cell density (nc = 4 x 10*^ Cm~^) and first wall
loading (Fn = 5 MW/m^) is made possible by increasing the peak axicell
solenoid field to 24T by resistive, unshielded normal coil inserts (16T

coil at rj = 1.4 m + 8T Cu insert at r^ = 0.3 m).

Significant advances have been made in designing higher temperature,
higher efficiency blankets with low tritium inventory and reduced activa-
tion for MARS. Building on previous work from the UW-Witamir design,^ a
simple blanket of tubes flowing 500°C Lij7Pbg3 eutectic has been improved
and optimized by the University of Wisconsin for lowest-cost electricity
production in MARS, by using high blanket energy multiplication (1.39)
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and an efficient double-wall heat exchanger design. To achieve higher
temperatures for efficient electricity production and/or synfuels
production, TRW has designed a silicon carbide pebble bed blanket cooled
by 900°C, 80 atm helium, contained by 480°C ferritic steel walls
separately cooled by LijyPb83« Also, Grumman :;as designed a dry,
He-cooled solid L12O blanket at lower He temperature to be compatible
with the high wall loadings of the MARS central cell.

We have made a preliminary assessment of the potential of various steel
alloys to satisfy 10CFR61 NRC guidelines for near-surface burial of class
C low-level waste. Assuming suitable alloys could be developed for
commercial reactor application, we will explore simplifications of on-site
rad waste processing than could result.

Future work in the MARS study will concentrate effort, for a single
reference case for electricity production, on end plug heating systems,
remote maintenance (both end plugs and central cell), balance of plant
design, and assessment of reactor availability, safety, and economics.
In addition, we will design another blanket and balance of plant for MARS
for production of synfuels, to sufficient detail to make a rough cost
comparison.

(1) MARS Executive Committee: B. G. Logan, C. D. Henning, and G. A.
Carlson (Lawrence Livermore National Laboratory; J. D. Gordon and
J. A. Maniscalco (TRW Company); G. L. Kulcinski and L. J. Perkins
(University of Wisconsin). "Mirror Advanced Reactor Study
(MARS)-Interim Design Report," LLNL report UCRL-53333 (to be
published).

(2) D. E. Baldwin, et al. "Studies in Tandem Mirror Theory,"
Proceedings of the 8th International Conference on Plasma Physics
and Controlled Nuclear Fusion Research, Brussels 1980, paper
IAEA-CN-381F-4, Vol. I, p. 133.

(3) K. I. Thomassen and VN. Karpenko. "An Axicell Design for the End
Plugs of MFTF-B," LLNL report UCID-19318.

(4) B. Badger, et al. "WITAMIR-I, A Tandem Mirror Reactor Study," Univ.
of Wisconsin report UWFDM-400 (1980).

*,'Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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CONCEPTUAL DESIGN OF FUSION EXPERIMENTAL REACTOR(FER)

T.Tone, N.Fujisawa, Y.Seki, H.Iida, K.Tachikawa, M.Sugihara,
A.Minato, S.Nishio, T.Yamamoto*1, K.Kitamura*2, K.Ueda*3,
S.Saito*", R.Shiisada, Y.Matsuda, Y.Naruse, S.Shimamoto,
S.Tamura, M.Yoshikawa, K.Tomabechi

Japan Atomic Energy Research Institute
Naka-machi, Naka-gun, Ibaraki-ken, Japan

Conceptual design studies of the Fusion Experimental Reactor (FER) have been
performed at JAERI in line with a long-range plan for fusion reactor develop-
ment recently laid out in the new long-term program of the Atomic Energy
Commission. The FER is an experimental tokaraak reactor succeeding a large
tokamak device JT-60 with a major mission of realizing ignited DT plasmas and
demonstrating engineering feasibility of fusion reactors including tritium
breeding. The design of FER is conducted under the following guidelines:
(1) to reach a DT ignition condition with a rather moderate neutron wall
loading, (2) to aim at a breeding ratio of about unity and (3) to be designed
with cost/benefit considerations.
The reference design of the FER is based on a dee-shaped tokamak plasma con-
figuration with a double-null divertor. The major design parameters are
listed in Table 1. The heating is provided by neutral beam injection (NBI)
and radiofrequency heating (RF). The superconducting coil system with the
poloidal coils placed external to the toroidal coils is enclosed in a semi-
permanent common cryostat vacuum chamber (belljar type). Plasma parameters
were determined by optimization studies with plausible plasma-physics and
engineering restrictions such as confinement scaling, beta limit, divertor
configuration and maximum magnetic fields on superconducting magnet. Priority
is given to the divertor concept for impurity control and ash exhaust in view
of its credible physics data base. A double-null divertor configuration,
instead of the single-null, is employed to reduce the major reactor radius
and also to improve the coupling between OH coils and the plasma, since it
will have a thinner scrape-off layer at the inboard plasma surface. Tritium
breeding blanket with Li20 as breeding material is installed all around the
plasma and at the back sides of divertor chambers to enhance breeding ratio.
In parallel with the reference design have been initiated design studies for
advanced reactor concepts such as pumped limiter and RF current drive, and
for single-null divertor/limiter and water shield. Intercomparison of these
reactor concepts is in progress to search for an optimal reactor concept with
considerations of physics, engineering and cost.

*l On leave from Fuji Electric Co.,Ltd
*2 On leave from Toshiba Corporation
*3 On leave from Mitsubishi Electric Co.,Ltd
**• On leave from Hitachi,Ltd
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Table 1 Major Design Parameters

Power
Fusion power (MW)
Average neutron wall loading (MW/m2)

Operation
Burn time (s)
Duty factor (Z)
Availability (Z)

Plasma
Major radius (m)
Plasma radius (m)
Plasma elongation
Burn average beta (total) (Z)
Plasma current (MA)
Average ion temperature (keV)
Average ion density (m~3)
Energy confinement time (s)
Toroidal field on plasma axis (T)

Heating
NBZ power (MW)
RF power (MW)

Impurity Control
Method
Power to divertor plate (MW)

Breeding Blanket
Structural material
Breeding material
Breeder temperature (°C)
Tritium breeding ratio
Coolant

Toroidal Field Coils (TFC)
Number
Conductor
Maximum field (T)

Poloidal Field Coils (PFC)
Location
Conductor
Maximum field (T)

440
1.0

100
50-WO
25^50

5.5
1.1
1.5
4
5.3
10
1.4 x io20

1.4
5.7

30
30

double-null poloidal divertor
45

316 SS
Li20
400 *> 1000
1.05
H20

14
Nb3Sn, NbTi
12

external to TFC
NbTi
'8
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DEMONSTRATION TOKAMAK POWER PLANT

M. Abdou, C. Baker, J. Brooks, R. Mattas and D. Smith
Argonne National Laboratory

D. DeFreece, G. D. Morgan and C. Trachsel
McDonnell Douglas Astronautics Company

K. Barry
The Ralph M. Parsons Company

A design study was carried out to identify the major characteristics and the
R&D requirements for a tokamak-based fusion demonstration reactor. The study
focused on four critical features: (1) current drive for steady-state oper-
ation, (2) impurity control and exhaust, (3) tritium breeding blanket, and (4)
reactor configuration and maintenance as well as the development of an overall
design concept. Some preliminary considerations on facilities and initial
cost estimates will also be presented. The major reactor parameters for DEMO
are shown in Table 1.

Table 1. DEMO Major Parameters

Net Electric Power, MWe
Gross Electric Power, MWe
Fusion Power, MW
Thermal Power, MW
Overall Availability, %
Average Neutron Wall Load, MW/m
Major Radius, m
Plasma Half-Width, m
Plasma Elongation, b/a
Inboard Blanket/Shield Thickness, m
Plasma Current, MA*
Average Toroidal Beta
Toroidal Field on Axis, T
Maximum Toroidal Field, T
Number of TF Coils
Plasma Burn Mode
Plasma Heating Method
Current Drive Method
Impurity Control
Tritium Breeder
Breeding Ratio, Net
Maximum Component Weight, Mg

390
430
1069
1290
50
2.1
5.2
1.3
1.6
1.2
8.68
0.075
4.8
10
8

Continuous
Relativistic Electron Beam
Relativistic Electron Beam

Pumped Limiter
Li2O
1.05
440

A survey of current drivers was conducted. The driver power requirements have
been compared on several levels: as the normalized current to power density
ratio, j/p; as total current to power dissipated, I/?aux; and as the net
electric power, Pn, vs. plasma temperature. The relativistic electron beam
(REB) is the most efficient driver if resistivity is greatly enhanced due to
non-linear wave processes during pulsed injection. The main concern with the
REB is electron penetration; neoclassical orbits do not allow centrally peaked
current density. Theoretical work on pulsed power injection for wave and
neutral beam drivers is presently under way.
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Impurity control is provided by a pumped limiter system which is located at
the outer midplane of the reactor. Since the limiter is anticipated to have a
lower lifetime than the first wall and blanket, the limiter is designed to be
replaced separately as part of the limiter/blanket module. The li.nd.ter con-
sists of a double-bladed structural core, which provides support and contains
the coolant passages, upon which a surface material is bonded. The limiter is
shaped to produce a roughly uniform heat load of 2.0 MW/m2 to the surface
exposed to the plasma. The maximum heat load to the leading edges is
~ 1 MW/BI2. The total power handled by the limiter is about 100 MW, which is
about 50% of the cr-particle power. The remaining energy is radiated to the
first wall. Two surface materials are required to achieve an extended limiter
lifetime. Beryllium and tantalum have been selected as the front surface and
leading edge coating material, respectively. Sputtering/redeposition calcula-
tions indicate a net erosion rate of ~ 0.7 cm/y at 5OX duty factor for the Be
and zero for tantalum at the leading edge.

The DEMO study focused on the definition of materials and design issues for
first wall/blanket concepts using two different breeders: (1) solid lithium
oxide (Li2O); and (2) a liquid metal, the lead-rich Li-Pb eutectic (17 at. 7.
Li, 83 at. % Pb). Pressurized water (260-300°C) was selected for the first
wall and blanket coolant for the LijO blanket design. The range of operating
temperatures required for acceptable U^O performance is very limited, and,
thus, the low AT characteristic of pressurized water systems appears necessary
for a satisfactory design. An advanced austenitic stainless steel (designated
PCA), similar to Type 316, was selected as the structural material. Tritium
recovery is considered to be a key feasibility issue for II2O as a tritium
breeder material. The difficult design problems arise from the limited oper-
ating temperature range projected for U^O and the relatively low thermal
conductivity. Analyses indicate that, in the absence of radiation effects,
the blanket tritium inventory can be maintained at relatively low levels
(< 50 g in U ^ O ) . However, radiation effects are expected to substantially
increase the tritium inventory.

Liquid Li-Pb alloys have several attractive properties for use as a tritium
breeder in a fusion reactor, viz., excellent tritium breeding performance and
acceptable tritium recovery characteristics. The most important initial
consideration for the blanket design is whether to use Li-Pb as both breeder
and coolant (i.e., self-cooled) or to use a separate gas or liquid coolant.
The most important materials-related concerns pertinent to the design evalu-
ations are: (1) the high density of Li-Pb, which increases blanket structural
requirements (and pumping power requirements if used as a coolant); (2) the
maximum allowable structural temperature, set at ~ 400°C for ferritic steel
because of compatibility concerns; and (3) the low solubility of tritium in
Li-Pb, which impacts both tritium containment and tritium recovery.

DEMO has incorporated features which enhance reliability and minimize replace-
ment time. The most important design feature for enhanced reliability is
steady-state operation. The major configuration features that lead to reactor
simplification are: (1) a 4°K anti-torque structure, (2) one limiter/blanket/
shield sector per TF coil, (3) eight TF coils, (4) a combined TF coil and
plasma boundary, and (5) a segmented anti-torque structure.

*Work supported by the U. S. Department of Energy.
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FUSION BREEDER REACTOR DESIGN STUDIES*

R.W. Moir, J.D. Lee, M.S. Coops, F.J. Fulton, W.S. Neef, Jr., Lawrence Liver-
more National Laboratory, P.O. Box 5511, L-644, Livermore, CA 94550; D.H.
Berwaid, R.B. Campbell, B. Flanders, J.K. Garner, N. Ghoniem (Consultant,
UCLA), J. Ogren, Y. Saito, A. Slomovik, R.H. Whitley, TRW, Inc., Redondo Beach,
CA 90278; K.R. Scbuitz, G.E. Benedict, E.I. Cheng, R.L. Creedon, I. Maya, V.H.
Pierce, J.B. Strand, GA Technologies, Inc., San Diego, CA 92138; R.P. Rose,
J.S. Karbowski, Westinghouse Electric Corp., Pittsburgh, PA 15236; J.H. DeVan,
P. Torterelli, Oak Ridge National Lab, Oak Ridge, TN 37830; L.G. Miller, P.Y.S.
Hsu, J.M. Beeston, Idaho National Engineering Lab (INEL-EG&G), Idaho Falls, ID
83401; N.J. Hoffman, Energy Technology Engineering Center, Canoga Park, CA 91304

The purpose of the fusion breeder (fusion-fission reacto.-) is the produc-
tion of fissile fuel for use in fission reactors. Fission-suppressed fusion
breeders promise unusually good safe y features and can provide make-up fuel
for up to 11, 15 or 18 LWR's of equal nuclear power on one of the following
fuel cycles: 1) U-Pu cycle, 2) 233j mixed with 2 3 8U and recycling Pu, or
3) 233u and thorium. Even more heavy water or gas-cooled graphite-moderated
reactors can be supported. The high support ratio and good safety character-
istics result from the use of beryllium rather than 238jj to multiply neutrons
in the blanket.

The high support ratio would allow a large number of fission reactors to
be constructed and operated based on the knowledge of an assured future fuel
supply. This would allow utility planners to use mined uranium as long as it
was economical and then switch over to fuel from the fusion breeders. This
path could avoid an early, major, and expensive commitment to fission breeders**
which, being primarily power producers, would otherwise replace conventional
fission reactors on a one-for-one basis.

The increased revenues from sales of both electricity and fissile material
might allow the commercial application of fusion technology significantly
earlier than would be possible with electricity production from fusion alone.
If fast fission hybrid designs are acceptable from a safety point of view, a
primitive fusion reactor with a smaller fusion power and a lower Q value would
be economical and thus make this application of fusion even earlier.

A study is underway to determine the feasibility of the fusion breeder
based on both a tokamak and a tandem mirror fusion neutron source. The team
is developing promising design concepts, identifying key technological issues,
carrying out system studies and doing small scale experimental work. The
reference blanket design,1 shown below, is constructed of ferritic steel,
uses a packed bed of beryllium as a non-fissioning neutron multiplier, liquid
lithium as a coolant and tritium breeder, and thorium metal as a fertile fuel
form. It produces power efficiently and produces 5600 kg of 233u per y e ar,
enough to support about 21 LWRs on the denatured thorium fuel cycle.

The critical issues, for which small scale experiments to resolve these
issues are being carried out or planned, are: 1) material compatibility,
2) beryllium feasibility, 3) MHD effects, and 4) pyrochemical reprocess!ng.
Beryllium feasibility seems to rest on neutron multiplication being as present
codes predict (T + F = 1.7) rather than substantially lower as some integral
neutronic experiments suggest (- 20% or more) and on the radiation resistance
of neutron irradiated hot-pressed beryllium (samples are being analyzed at
INEL-EG&G). Pyrochemical reprocessing should add, at most, approximately 5$/g
to the cost of fissile production, whereas conventional aqueous reprocessing
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(Purex or Thorex) would add $20/g or more to the product cost. Our present
designs are based on liquid lithium cooling; however, our calcuiational ability
is presently Inadequate to predict the MHO resulting pressure due to pumping
the Li coolant. Experiments In this area are needed. Compatibility tests are
underway at ORNL to guide the design team in choice of materials and operating
temperatures. Materials of special interest are thorium, beryllium, lithium
and ferrit1c steel.

The 30-year discounted average cost of the material produced In the
reference design based on a 3000 MWfusion tandem mirror plant is 70$/g, which
is equivalent to a 30-year discounted average cost of 165$/fcg U3O8. If the
cost of U3O8 escalates by 3% per year above inflation, then the breakeven
cost of U3O8 in the first year of operation is only 96f/kg. The system
electricity cost is 37 mills/kwh which is S% above that for LWRs using 55$/kg
U3O8 (with reprocessing and full fissile recycle).

The citical path item for the fusion breeder appears to be fusion
technology rather than other issues. Development sequences have been con-
sidered where a high neutron fluence engineering test reactor of about 40 MW
of fusion can be built based on mirror fusion technology. A demonstration
reactor with a fusion power of about 400 MW could produce about 1200 kg of
fissile material per year (at a capacity factor of 50X this would be 600 kg
each year).

LHhMmaMM

1. 0. H. Berwald et a!., "Fission-Suppressed Hybrid Reactor-The Fusion
Breeder," Lawrence Liver-more National Laboratory Report UCID-19638 (1982).

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.

**,He argue that the fusion breeder, to be followed by pure fusion, will
ultimately be preferred over the fission breeder. However, we recognize that
fusion feasibility is not even proven, whereas the fission breeder is proven
(although in a somewhat costly form) and its development should be carried up
to the point where deployment is possible because of the possibility that it
will both be needed and fusion will not be available when needed.
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PulseStar: A POOL-TYPE REACTOR FOR INERTIAL-FUSION ELECTRIC POWER

Michael J. Monsler
Lawrence Livermore National Laboratory

University of California
Livermore, California 94550

The ambitious goal of the PulseStar study is to design a pure-fusion
reactor that can compete economically with fission breeders or
fusion-fission hybrids while showing superior safety potential for both
utility investment and public health. The slow deployment rate and poor
acceptance of fission and solar electric power in the U.S. demonstrates
clearly that technical feasibility alone is not sufficient to guarantee
the acceptance of a new technology. Fusion must be safe and affordable to
be acceptable. The PulseStar concept directly addresses these factors.

We have assumed the highest performance potential allowed by the physics
of inertial fusion using deuterium-tritium (DT) fuel; i.e., pellet gains
of 300 with 2 MJ of short wavelength light. This will allow us to answer,
through our design studies, the following question: Even if inertial
fusion approaches its highest potential performance over time, can power
plants be designed that society will want? By focusing the PulseStar
study on reactor cost and safety, we hope to make a significant
contribution to assuring an affirmative answer to the question.

PulseStar required a new design approach to both the reactor cavity and
the plant. A liquid-metal-wall type of reactor cavity is used in which
the first surface facing the target is damage-proof in that it is
reestablished after each shot. We use the Pbs3Li17 eutectic for a
safe liquid-metal blanket to perform the functions of wall protection,
tritium breeding, neutron moderation, energy multiplication, and heat
transfer. To avoid the seismic problem associated with piping such a
heavy liquid over long distances, we use a pool-type configuration in
which the liquid metal is gravity-pumped through a porous blanket that
forms a spherical shell around the reaction chamber. This porous blanket
is constructed of steel honeycomb that is 1-m thick, has a 4-m inside
radius, and has a solidity of 5%. The honeycomb structure is totally
immersed in the pool of PbLi eutectic alloy. The cell size of the
honeycomb (approximately 2 mm) is chosen to regulate the inflow of PbLi so
that the reactor cavity operates as a chamber with a porous wall. The
flow rate is just equal to the combined total of the liquid ablated by
x rays and debris and the liquid ejected into the chamber on each shot by
the response to neutron deposition.

Neutronics calculations have been performed, indicating that we can expect
a tritium breeding ratio of 1.27 and an energy multiplication of 1.25 for
this blanket. It is difficult to set a criterion for total allowable
neutron dose for the steel honeycomb structure. Because it is not much
compromised by swelling or other neutron damage, it should last several
years without replacement. Replacement, when necessary, is designed to be
accomplished quite simply in a small fraction of the downtime required to
replace a first wall and blanket structure in a magnetic fusion reactor.
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All the liquid-metal components (e.g. pumps and heat exchangers) are also
immersed in the pool of PbLi, in a configuration similar to an LMFBR.
However, in PulseStar, a molten salt is continuously bubbled up through
the pool to collect the hydrogen isotopes that diffuse through the walls
of the components. The molten salt is an effective collector because it
has a higher affinity for tritium than does either PbLi or water. Buildup
of the tritium in the molten salt is not a problem because the
concentration can be kept below 1 wppm by established extraction
techniques. Thus, we can conceptually solve the two most notorious
problems of using PbLi—that its low affinity for tritium drives the
tritium through the piping and components; and that it is costly in
pumping and piping.

To reduce cost, we use a standard pressurized-water heat-transfer system
with a water intermediate heat exchanger. This is allowed because we use
the molten salt to trap tritium at its source. To further reduce cost, we
must drastically reduce the size and complexity of the containment
buildings envisioned for fusion. We are exploring a unique strategy for
doing this: eliminating all the overhead space used for traveling cranes
in each reactor; and using a common reactor-services building. In the
PulseStar design, up to four l-GW(e) reactors share the same laser or
heavy-ion driver, fuel-pellet factory, and reactor-services building.
Thus, each reactor needs only a building large enough for the reactor
cavity and heat-transfer equipment and strong enough for seismic support.
When a porous blanket or steam generator needs replacement, the liquid
metal is drained to storage tanks, the cover of the reactor is lifted off
by an outside crane, and the component is transferred to the
reactor-services building. Should this strategy be accepted, there is
leverage to dramatically reduce the capital cost of the fusion plant. A
competitive cost, in conjunction with a significantly reduced risk to
public safety and utility investment, will greatly enhance the prospects
that inertial fusion will be deployed.

Work has been performed under the auspices of the U.S. Department of
Energy by Lawrence Livermore National Laboratory under contract No.
W-7405-ENG-48.
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TOKAMAK REACTOR SYSTEMS CODE*
D.C. Baxter, A.E. Oabiri, J.E. Glancy, W.K. Hagan,

Science Applications, Inc.

This paper describes the development of a tokamak reactor system code and
some results of using the code. The development goal was to produce a
system code for use in reactor parameter surveys, conceptual design
evaluation, and analysis of synergism between different reactor systems.
The approach to this development was to analyze existing separate codes as
much as possible. This allowed the choice of the best code for each
general area, thereby maximizing the quality of the resultant systems code.
A physics code developed at Argonne National Laboratory was therefore
coupled to an engineering code developed at the Fusion Engineering Design
Center to form the basic framework. In addition to coupling these codes,
modifications and additions have also been made. The new features are in
the areas of first wall and limiter modeling and shutdown dose calculation.

The first wall and limiter module contains simple models for calculating
power deposition, volumetric heating rate due to neutrons, and DPA at the
edge of each inboard and outboard component. The improvements made in this
module are: (1) thermal hydraulic analysis, (2) stress analysis, (thermal,
creep rupture and fatigue) including consideration of maximum allowable
stresses, (3) swelling estimate and (4) physical sputtering. All these
analyses are based on a generic configuration for the first wall which is
cooled by pressurized water.

The systems code has also been modified to estimate the neutron induced
activation dose as a function of time since shutdown. This is an important
quantity because the maintenance, operation, ar d access to the machine may
be determined by limits on the activation dose rate. Recent activation
data from PPL have been combined with a point kernel technique to yield
dose rate data on the outside surface of the machine. The dose rate is a
function of the pulse length and repetition rate. Dose rates are reported
from shutdown to five years after shutdown.

The new plasma engineering module is based on TRAC-II (Tokamak Reactor
Analysis Code, Ref. 2), developed at Argonne National Laboratory, and
modified at SAI, for the physics module of the FEOC code. This module was
used in the Starfire and Wildcat reactor studies at ANL. This module can
solve for a two dimensional MHD equilibrium and assume various one dimen-
sional profiles for the plasma density and temperature as functions of the
magnetic flux function, PSI. Reactivity for deuterium - deuterium reac-
tions, and deuterium - helium 3 reactions, in addition to deuterium -
tritium reactions are calculated so D-T, Cat-D, and D-He3 operation can be
modeled. Particle and power balance are satisfied by finding appropriate
temperatures and densities for electrons, the three species of hydrogen and
the two species of helium. Up to two impurities are also included.

The pre-existing code, developed at the Fusion Engineering Design Center,
has separately compiled and executable modules to model approximately 20
subsystems in an experimental fusion reactor. The modeled subsystems

*Work supported by R&D program of Science Applications, Inc.

237



include plasma engineering, first wall and shielding, toroidal field and
poloidal field coil systems, neutral beams, RF heating, vacuum systems, and
costing, among others. The subsystem models are simple and fast running
yet contain the important effects. The code is easy to use, flexible and
quick running (<5 sec) on the MFE CRAY computers.

Several cases of interest have been studied with the code. By way of
benchmarking the code, representative TFTR cases were run. The outputs of
the code, including plasma performance, neutron effects, magnetics, plasma
heating, energy storage, heat transport, and cost, were found to be
consistent with other TFTR models. Upgrades of TFTR were then explored
with the main emphasis on machines with either increased heating capability
or toroidal magnetic field or both. The recently proposed TFTR upgrade
(TFET) was analyzed in this series of runs and the results show how it fits
into the family of considered upgrades.

References

1. Reid, R.L., FEDC Systems Code User Instructions, Fusion Engineering
Design Center, Oak Ridge National Laboratory. FEDC-M-82-PE-0G7, 1982

2. Evans, K.E., et al., D-D TOKAMAK REACTOR STUDIES, Argonne National
Laboratory, ANL/FPP/TM-138, November 1980.
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SUPERHEATED STEAM CYCLE FOR A D-D TOKAMAK*

K. C. LEE AND R. N. Cherdack, Burns and Roe, Oradell, N.J. 07649

A relatively high temperature superheated steam cycle was designed to
be compatible with a D-D tokamalc blanket to help identify some of the
benefits of using the D-D fuel cycle. Since tritium does not have to
be bred in the blanket more flexibility is allowed in choice of mater-
ials and their operating temperatures. Also the lower concentration
of tritium in the first wall and its absence in the blanket will prob-
ably allow the use of primary coolant directly in the steam cycle.
Both these factors result in higher cycle temperatures and efficiencies.

The turbine generator system is a 6-flow cross compound unit consisting
of 1 high pressure (HP), 1 intermediate pressure (IP), and 3 low
pressure (LP) turbine sections. The inlet steam flowrate at the HP
turbine section is 1499 kg/sec at a temperature of 811K and 12.5 MPa.
The steam exhausts from the LP turbine section with a backpressure of
50.8 mm Hga, resulting in the production of 1460 Mtfe. The condensate
flows through a series of 6 feedwater heaters and returns to the
reactor at a temperature of 531K. On the basis of calculations using
typical turbine thermodynamic characteristics the overall cycle effi-
ciency is expected to be 40.52. The heat balance for this cycle is
shown in Figure 1.

There are two major differences between the above-mentioned cycle and
that of a conventional fossil fuel plant cycle. These differences
were due to our attempt to reduce the design problems that a reactor
designer would face. The first major difference is the use of 12.5 MPa
steam in a such a large plant. Typical conventional fossil fuel
plants above 300 MWe capacity use an initial steam pressure of 16.7 MPa.
Our deviation from conventional practice allows the use of thinner walls
in the coolant channels, resulting in lower thermal stresses while main-
taining hoop stresses within allowable limits. This is particularly
important for the first wall and limiter. On the other hand, a higher
pressure would result in the neighborhood of 1% higher cycle efficiency.

The second major difference involves reheating the steam. In a conven-
tional fossil fuel plant, the steam exhausting from the HP turbine
section is normally routed through the boiler, where it is generally
reheated (direct reheat) to the original steam temperature. The re-
heated steam then enters the IP turbine section, where the added heat
increases the electrical output generated by this section. In the
D-D tokamak cycle, the principle of reheat is used; however, the ex-
haust steam is reheated after it leaves the IP turbine section, not
after it leaves the HP turbine -section and the reheat is accomplished
by using high pressure main steam as the heat source. The steam-to-
steam reheat reduces the size and complexity of the blanket, particu-
larly in view of the low density and *oor h*at transfer characteris-
tics of the steam to be reheated. Moreover, the reheat line penetra-
tions through the reactor cell are eliminated. However, the use of
direct reheat would have increased the cycle efficiency by about 1%.
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Reheating of the steam is accomplished in two stages. The first stage
raises the IF exhaust steam from 493K to 597K while the high pressure
main steam is cooled from 611K to 600K and condensed. The second stage
raises the IP exhaust steam from 597K to 657K while the high pressure
steam is cooled from 811K to 611K. The condensate from the high pres-
sure side of the first stage of the reheater passes through a pressure
reduction station before entering Feedwater Heater Numbers 4,5, and 6.

The exhaust from IP turbine, rather than the exhaust from the HP tur-
bine, was chosen for reheating because it could be reheated using the
latent as well as sensible heat from the main steam, thus reducing the
amount of main steam required to an acceptable level (13% of the total
flow.) The relocation of the reheating! required substantial changes
from the conventional designs to most of the important operating param-
eters of the IP turbine. Brief discussions with a turbine manufacturer
indicated that there probably would be no fundamental difficulties in
producting either the IP turbine or the two stage reheater despite
their somewhat unconventional nature.

The HP turbine section contributes 28% of the total electrical output
while the IP turbine section contributes 20%. The rest is produced by
the 3LP turbine sections.

The cycle described yields substantially higher electrical output per
unit reactor thermal power than the PWR type cycles currently discussed
for D-T reactors. This higher output may be used to justify some of the
higher costs associated with D-D reactors.

* Work supported by DOE through subcontract with Science Application,
Inc.
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CONCEPTUAL DESIGN SUMMARY FOR MODIFYING DOUBLET III
TO A LARGE DEE-SHAPED CONFIGURATION*

Larry Davis, General Atomic Company

Doublet III, now in its fifth year of operation, is to be modified in 1985
by exchanging its present doublet-shaped vacuum chamber with one of a large
dee-shaped cross section. Such a modification, termed Big Dee, is made
possible by demountable toroidal field coils and the large, low-ripple
volume they enclose. The Big Dee project is presently entering the detail
design phase.

Doublet III presently is operated in a mode where various plasma shapes are
contained in the upper lobe of the present vessel. Included are circular
and dee-shaped plasmas as well as single null magnetic limiter (divertor)
and expanded boundary discharges. Present operational capabilities (near
term upgrades added parenthetically) can be summarized by: Bj = 2.6 T;
Ip = 1.0 (1.5) MA; <j> = 5.0 (5.6) V-s; a = 45 cm; RQ = 1.43 m; < = 1.8;
pbeams = ? (10) MW; PECH = 1 MW; discharge flattop duration ~ 1 sec (except
beams are ~0.5 sec rated).

The design capability of the Doublet III device and facility allows signif-
icantly enhanced performance above the present operation. The ohmic heat-
ing coils and field shaping coils were originally designed and built for
operation at 10 V-s and Ip = 5 MA (albeit in doublet plasmas). The toroidal
field coil was likewise designed for 4.0 T and 10 V-s operation. Motor
generator stored energy of 3 GJ allows for adequate long pulse capability.
Three duel-source neutral beamlines, each rated at 3.6 MW at 80 keV, will
be operational in 1983 (two are operational at present), with a fourth on
standby. Therefore, 14 MW of neutral beam power is available. Also, a
second megawatt of ECH is funded and becomes available on a timetable con-
sistent with Big Dee.

By utilizing this vast store of existing capabilities and by exchanging
vacuum vessels to maximize size (and therefore plasma current) and replacing
where necessary poloidal field coils, Doublet III will become an even more
significant test bed for hydrogen plasma physics and reactor-relevant toka-
mak concepts. Big Dee can be characterized in planned ultimate capability
as follows: B? = 2.1 T (on axis - no upgrade); Ip = 5 MA; <j> = 10.5 V-s;
a = 0.68 m; Ro = 1.70 m; K = 2.0; Pbeams =

 1 4 MW; P E C H > 2 MW; PICRF > 14 MW;
discharge duration = 1.5 sec at 5 MA to ~10 sec at ~3 MA. ICRF is not yet
funded but its specification is necessary to design the vessel. Initial
operation will be limited to 2.5 MA, 7.5 V-s, perhaps 4 MW of ICRF and gener-
ally short pulses. Phased upgrades leading to the above ultimate capability
can be accomplished as funding allows.

Research supported by the United States Department of Energy Contract
DE-AT03-76ET51011.
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The vessel itself has been sized as large in diameter as allowed by the
outer poloidal field coils, which are in turn as large in diameter as
allowed by the existing toroidal field coils. Reasonable clearances are
included for manufacturing tolerances, thermal growth and insulation. The
height of the vessel is similarly limited by existing poloidal field coils
above and below the vessel, only two of which will be replaced. Construc-
tion of the vessel will be similar to the existing vessel, i.e., all-welded,
Inconel 625, corrugated, sandwich walls. The vessel will be capable of
withstanding 5 MA disruptions and will be supported at its midplane. The
vessel will be gas or convectively cooled for initial short pulse operation.

The new poloidal field coils will be of the same construction as other
existing coils: water-cooled copper, insulated with Kapton and fiberglass
and vacuum impregnated with epoxy. In order to strengthen the new outer
coils and to minimize support frequency, these coils will be potted in
stainless steel jackets which will remain as part of the coil structure.

A new structural concept has been adopted for the support of the new coils
and vessel. Vertical plane beam structures located inboard of every other
toroidal field coil will attach to the new coil jackets and to the existing
upper and lower coil support structures. The vessel will be supported as
required at its midplane by this same structure that will allow the vessel
to grow unrestrained thermally.

Primary limiters will be provided for 20 MW of plasma heating power for
short pulse operation (1.5 sec), and will consist of coated, water-cooled,
graphite tiles on poloidally oriented blades located at the outer vessel
wall and will be pumped. Disruption protection limiters of Inconel will be
provided poloidally around the vessel at several toroidal locations.

Armor necessary to protect the vessel during diverted plasma operation will
also be included. The construction will depend on local heat load levels
but will espouse the same basic concepts as the limiter tiles and cooling
substructures. Armor will also be provided to protect the vessel from neu-
tral beam shinethrough and disruption incidence. Its construction will also
be similar to the primary outboard limiter.

Long pulse operation of Big Dee is assured in the component designs where
subsequent upgrade would be prohibitive. All new poloidal field coils are
designed to support pulse lengths consistent with available volt-seconds
and the capabilities of the remaining coils. Long pulse operation at high
power, ~20 MW, requires later upgrades to the limiter and divertor armor
(not beam armor as the long pulse heating will be rf rather than beams),
although longer pulses at lower power are feasible. A phased high power,
long pulse, pumped limiter development program is planned. Similarly, long
pulses at high power result in vessel wall temperatures that are unaccept-
able operationally as well as structurally. It is, therefore, planned to
add water cooling as high power rf heating becomes available. Provisions
for such cooling are to be included in the vessel design.
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OVERVIEW OF THE INFLUENCE ON TANDEM MIRROR REACTOR DESIGN OF STARTUP, SHUT-
DOWN AND TRANSIENT OPERATION*, R.W. Conn, N.M. Ghoniem, S.P. Grotz, M.Z.
Youssef, 3.P. Blanchard, V.K. Dhir, and K. Taqhavi-Tafreshi, Fusion En-
gineering and Physics Program, School of Engineering and Applied Science,
University of California at Los Angeles, CA 90024. The influence of
startup, shutdown, and transients on the design of fusion reactors has not
received detailed attention in conceptual design studies. Yet it is well
known that in fossil and nuclear power plants, lengthy, detailed procedures
are reguired to insure the sound operation of system components. In this
overview, the objective is to identify a general startup program for a TMR,
develop specific phases of a startup or shutdown program, and provide a
framework for specific research on the technical issues of startup and
shutdown. In particular, the long range objective is to develop startup
and shutdown scenarios for fusion reactors that are consistent with the
engineering design and operation of the system components.

In general, two key objectives of the initial startup test program are: 1)
to establish proof-of-agreement between test results and design predic-
tions; and 2) to demonstrate proper plant construction and assembly. Sub-
sequent shutdown and restart of the reactor may be reguired to meet these
objectives and will be reguired to follow a procedure consistent with the
desian and performance capabilities of the reactor subsystems. The work to
date has been based upon existing procedures for fossil and nuclear power
plants and on the WITAMIR-I (D conceptual reactor design. We are in the
process of relating this work to the Mirror Advanced Reactor Study (MARS)
project.(2)

Four startup phases include:

Phase I: Cold Hydrostatic Testing and Preparation, during which period all
pressurized or evacuated components are tested to determine if they can
withstand the design pressure or vacuum. The aim is to insure initial
nlrint. integrity. We find a key issue here is whether or not the primary
vacuum seals can be made without bringing the blanket to a hot, standy con-
dition.

Phase II: Hot Functional Testinq, during which period the coolant (in the
cases of w.lTAMIR-1 and MARS, a Li-Pb eutetic) is introduced and the blanket
rind shield components are brought to operating pressure and temperature.
No plasma is generated durinq this phase but the vacuum seals can be made
once the system has reached desiqn temperature. The need to pre-heat pip-
inq has become clear and a detailed analysis of preheating and initial
coolant, loading into the piping and blanket system is reported in a compan-
ion paper.'^) We find that thermal expansion of both the coolant and
structure must he accommodated and the axial expansion of blanket tubes
(~ 2.3 cm) will require the use of "floating" coolant headers and mani-
folds. After heating the blanket structure and coolant, the entire primary
loop is filled and constant temperature maintained. We find that the heat
generated by the coolant pumps is sufficient for this purpose. At this
point, the primary seals are made for the vacuum system throughout the cen-
tral cell and plugs. Tests can be performed on primary coolant flow, pres-
surizer pressure and level control, primary coolant instrumentation, steam
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dump and by-pass systems, and initial turbine roll. Further, the magnet
system is energized and tested to insure that all liquid metal flows and
tests are at magnetic operating conditions similar to full power opera-
tion. At the end of Phase II, all plasma core supporting technologies,
such as neutral beam lines, ECRH and ICRH RF-systems, the direct convertor,
and the vacuum/gas handling systems, are prepared for operations.

Phase III: Initial Plasma Operation and Testing. This and Phase IV are
equivalent to fuel loading and testing in nuclear power plants. Initial
operation with hydrogen plasmas will produce essentially no radioactivity
and permit ready access for maintenance. This is, however, only possible
during first, initial startup. During any subsequent restarts, the reactor
radioactivity will preclude hands-on maintenance and deuterium plasmas can
be used for major tests of plasma performance, system instrumentation and
control, and the performance of plasma-supporting technologies (NBI's,
ECRH, etc.). Calculations relating to the various modes of plasma perform-
ance during startup or shutdown is reported in another companion paper.

Phase IV: D-T Core Operation and Staqed Power Increase to Full Power.
Power production begins in this phase so that the blanket/shield and direct
convertor are operational. As we report elsewhere,W a self-sustaining
D-mode of operation appears to be possible in TMR's in which low power
(< 5%) operation of the device is supported electrically by power from the
direct convertor, prior to electrical power production from the blanket
thermal cycle. Major tests during this phase are performed on the primary
and secondary heat transport systems, the blanket tritium processing and
fuel recycling systems, and the steam generators and turbines. In addi-
tion, safety system tests for incidents such as loss of off-site power,
loss of decay heat removal capability, or plasma technology system fail-
ures, such as the loss of fractions of the neutral beam or RF power, are to
be completed. Following such tests at various power levels achieved in
stages, the reactor would be ready for full power on-line service.

*Work supported by USDOE.

(1) B. Badger, et al., "WITAMIR-I, A University of Wisconsin Tandem Mirror
Reactor Design," Univ. of Wisconsin Report UWFDM-400, Sept. 1980.

(?) MARS Review Meeting at LLNL, April 27-28, 1982, TRW Publications, TRW-
MARS-82-050.

(3) N. Ghoniem, et al., "Limits on Transient Power Variations During
Start-up and Shutdown of Li-Pb Cooled TMR Blankets," 5th Topical
Meeting on the Technology of Controlled Nuclear Fusion, Knoxville, TN,
April 1983.
R.W. Conn, et al., "Plasma Physics and Engineering During Start-up
and Shutdown of Tandem Mirror Reactors," 5th Topical Meeting on the
Technology of Controlled Nuclear Fusion, Knoxville, TN, April 1983.
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THE TECHNOLOGY OF NEUTRAL BEAM INJECTION
BASED ON POSITIVE ION SOURCES*

Madhavan M. Menon
Oak Ridge National Laboratory

Oak Ridge, TN 37830

The present status of the technology of neutral beam injectors based
on the neutralization of intense positive ion beams is examined with
particular reference to the United States program. It is shown that
with the adoption of energetic neutral i jection as a means of heating
the fusion plasma in most major magnetic confinement devices, the
technology of producing intense beams of hydrogen or deuterium has
advanced greatly in recent years. Currently, an important goal in
the neutral beam development program is to extend the pulse length
of the multi megawatt beams to several seconds. Long-pulse ion
sources capable of producing 50-60 A hydrogen or deuterium beams,
at energies in the 50-120 keV range, are under development in several
laboratories. Other R&D activities include improving the atomic
species content and the optical quality of the beam. Advances made
in each of the above areas are outlined. The paper concludes with
an assessment on the applicability of positive ion based neutral
beam injection as a means of heating a reactor sized fusion plasma.

*Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.
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SUMMARY OF THE STATUS OF NEGATIVE-ION-BASED NEUTRAL BEAMS

W. S. Cooper, Lawrence Berkeley Laboratory, University of California,
Berkeley, CA 94720

Neutral beams can be used to fuel and heat both tokamak and mirror
reactors. In addition, they can be used to drive current in tokamak
reactors and to establish the desired potential distributions in
mirror reactors. Power inputs required are in the range of 50-100 MW;
beam energies required are from 400 to 1000 keV. Since it is not pos-
sible to convert positive ions to neutral atoms efficiently at these
energies, we must develop neutral beam systems based on negative ions,
which can be efficiently converted to neutrals.

Three recent developments have greatly enhanced the prospects for de-
veloping reactor-grade neutral beam systems based on negative ions.
They are a) the successful operation of d.c. negative ion sources hav-
ing outputs within a factor of two of what is required for reactor
application, b) the advent of electrostatic strong-focussing accelera-
tion and transport structures capable of transporting the negative ion
beam around bends in a channel through the neutron shielding, and c)
the approaching development of high-power chemical lasers capable of
converting 95% or more of the negative ions to neutrals by photo-
detachment of the electron.

The development of negative ion sources in this country has been
carried out primarily at BNL, LBL, and ORNL. These sources, produce
negative ions on the surface of a cesiated electrode in contact with a
hydrogen or deuterium plasma. They have operated steady-state at H~
current densities of the order of 100 mA/cm^, have produced total
H~ currents of 1 A or more, and appear scalable to higher currents.
The electron content in the accelerated beam has been shown to be less
than 5%, and the gas efficiency is satisfactory for practical systems.
Development is underway both in this country and abroad on next-gene-
ration negative ion sources that promise the production of negative
ions without the addition of Cs in the source. A small but active
theoretical program is concentrating on understanding and optimizing
the surface-conversion and volume-production sources. Beams of about
1 A of H~ have also been produced by double electron capture of H+
ions in a metal vapor jet, but this work is not now being actively
pursued in this country.

Electrostatic accelerators offer the possibility of the highest over-
all system power efficiency. Effort in this area is being concentra-
ted on accelerator designs that use electrostatic strong focussing;
this type of accelerator offers the highest current-carrying capa-
bility and (probable) resistance to breakdown of the whole accelera-
tor column. The most promising candidate at the moment is the TFF
(Transverse Field Focussing) accelerator, which uses transverse
electrostatic fields alternating in direction to transport and
accelerate a sheet beam.

249



This approach also offers the possibility of bending the sheet beam
with a short enough radius (~ 0.5 m) that the beam can be transported
through a sinuous duct of reasonable length in the neutron shielding,
to greatly attenuate the neutron flux and alleviate problems of activa-
tion of the source and accelerator. Other concepts, such as the ESQ
(Electrostatic Quadrupole) and RFG (Radio-frequency Quadrupole)
accelerators could be used if the TFF concept should prove unsuitable.

The accelerated negative ions can be converted to neutral atoms in gas
or metal vapor, plasma, or photon targets. Gas targets are straight-
forward, but convert only about 60% of the negatives to neutrals, and
substantially increase the pumping requirements. For that reason,
work is concentrated on the other two approaches. Plasma targets
offer over 80% conversion efficiency if the plasma is highly ionized.
Passage of the Ion beam through the cavity of a high-power laser to
produce neutrals by photodetachment of one electron offers the most
exciting possibility; conversion efficiencies of 95% or more are pos-
sible. The best candidate laser for this task seams to be the oxygen-
iodine chemical laser, which operates at 1.3 y . This laser is under
active development under Department of Defense auspices; it is proba-
ble that "spin-offs" from these programs will benefit the HFE negative
ion effort.

Studies are underway of beamlines based on these concepts and capable
of injecting into a reactor 10-25 MW per beamline at 400-800 keV; one
of these studies will be reported at this meeting. These studies so
far have not uncovered any unsurnountable obstacles to the development
of practical negative-ion-based neutral beam systems. Overall system
efficiencies of 60%, and possibly as high as 80% appear possible.

There is a national program, within the Development and Technology
Division of the Office of Fusion Energy, D.O.E., for carrying out the
development outlined above. Part of this plan includes the designa-
tion by OFE of the Lawrence Berkeley Laboratory as Lead Laboratory for
the development of negative-ion neutral beams. Conversion of a posi-
tive-ion test facility to negative-ion use is underway at LBL. It
should be possible to demonstrate TFF transport and acceleration of a
1-2 A H~ beam to 160 keV by early 1985, and demonstration of a
suitable laser photoneutrallzer module (probably developed by indus-
try) with beam could occur during 1986. An aggressive development
program would lead to application of negative-ion—based neutral beam
systems on an ETR in 1994.

Acknowldegment:
This work was supported by the Director of Energy Research, Office of
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RF COUPLER TECHNOLOGY FOR FUSION APPLICATIONS

D. J. Hoffman
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Radio Frequency Energy in Fusion Power Generation
J. 0. Lawson

Princeton Plasma Physics Laboratory
Early in the studies of controlled thermonuclear fusion, circa 1953,

proposed methods of heating generally included heating by means of very low
frequency radio waves. In 1957, Dr. T. Stix of Princeton proposed and demon-
strated a high frequency RF system for heating in which energy at the Ion
Cyclotron Resonance of the plasma coupled efficiently to the plasma ions and
should certainly be a strong candidate for reactor heating. Problems of
confinement and impurity Influx which plagued plasma studies for the next
decade limited RF heating studies to low power levels. Although some signi-
ficant source developments were made, the high power RF sources were used
infrequently and for the most part used at the low power levels. In many
parts of the world since 1975, major commitments have been made to heat
plasmas by means of ICRH, Hybrid and ECRH high power sources at fusion labor-
atories. Success in varying degrees has been achieved. The future of radio
frequency energy in fusion power generation includes not only heating, but
current drive, possible start up, and profile control. To accomplish these
ends in a reactor, additional tube and component developments will be required
for more cost effective sources. Development of new techniques to raise the
operating efficiency, of whatever sources are ultimately used, will also be
required to minimize reactor operating costs.
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KEY ISSUES OF FED/INTOR IMPURTY CONTROL SYSTEM

Mohamed A. Abdou
Argonne National Laboratory

9700 South Cass Avenue
Argonne, IL 60439

A key part of the FED/INTOR activity over the past year has focused on
examining the critical issues and developing credible physics and engineering
solutions for the impurity control system^1 '. The primary emphasis of the
work was on the edge-region physics, plasma-wall interaction, materials,
engineering and magnetic considerations of the poloida" divertor and pump
Hmiter.

The key materials issues involve the selection of a plasma-side material for
the limiter or divertor plate and the methods for fabricating and attaching
the material to a structural heat sink. The choice of material for the
surface of a limiter or divertor plate depends upon the pre-sheath
temperature, T g, in front of the surface. The pre-sheath temperature is
approximately the same as the plasma edge temperature (T ) except that T g <
T in the case of the divertor when T is low (< 100 eV) because of cooling in
trie divertor channel. Detailed erosion/redeposition calculations show that:
1) most of the materials sputtered from the limiter or divertor plate surfaces
are redeposited near the origin; 2) medium- and high-Z materials result in
attractive engineering solutions if Tg < 50 eV; 3) only low-Z materials are
viable for T g > 50 eV because of unacceptable self sputtering for medium- and
high-Z materials; 4) low-Z materials result in acceptable design solutions at
T g > 700 eV; 5) acceptable design solutions in the range 100 eV < T g < 400 eV
require delicate balance, as predicted, between erosion and redeposition.

Plasma transport calculations have been performed to evaluate the most
probable values of T g and Tg. The most probable edge temperature range is 100
eV < T < 300 eV. Low edge temperatures (T < 50 eV) require high-edge
radiation while high-edge temperatures (T ? 700 eV) require pellet fueling
and high vacuum pumping.

For Tg < 50 eV, tantalum and tungsten are the preferred plasma-side
materials. Erosion by sputtering is small and these high-Z materials are most
resistant to plasma disruptions. Tantalum is preferred over tungsten because
of superior fabrication properties.

Beryllium is the preferred plasma-side material for T g > 50 eV because all
other materials appear to have a serious flaw in at least one area. Recent
results on chemical sputtering of graphite require that its maximum
temperature be limited to < 500°C. This temperature limit combined with the
r- ..lid decrease in the thermal conductivity of graphite under irradiation imply
a small tile thickness and a short lifetime (~ 0.6 y) under FED/INTOR
conditions. Boron is rejected because of extremely poor fabrication and
thermophysical properties. Boron carbide suffers from poor thermal shock
resistance. A key issue for silicon carbide is whether its self sputtering
yield will exceed unity at particle energies > 500 eV. In addition, SiC has
poor thermophysical properties. The newly developed SiC with high thermal
conductivity appears to lose its advantage under irradiation. The thermal
conductivity is predicted to decrease within ~ 1-2 month of irradiation to a
final low value that seems to be independent of the initial value.
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The key problem for beryllium is melting under plasma disruptions. Under
FED/INTOR conditions, the lifetime of beryllium tiles on the surfaces of
limiter and divertor plate is " 3.8 years if the melt layer does not erode.
This lifetime is reduced to ~ 1.8 years if all the melt layer erodes and the
thennal-quench time constant for plasma disruptions is 20 ms. A much shorter
time constant results in substantial reduction in the lifetime.

The impurity control system appears to present some of the most difficult
design issues for tokamaks. The two leading candidates, a poloidal divertor
and pump limiter, each have considerable uncertainties. The divertor appears
to have advantages in impurity control and helium pumping but adds
considerable mechanical and magnetic complexity to the reactor. Uncertainties
in the scrapeoff conditions, erosion by physical sputtering, disruptions and
arcing, and in redeposition of eroded materials make prediction of the t

lifetime of the limiter and divertor plates very difficult.
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DEVELOPMENT OF HYDROGEN PELLET INJECTORS AT ORNL*

S. K. Combs, S. L. Milora, C. A. Foster, W. A. Houlberg,
D. D. Schuresko, S. E. Attenberger+

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

The introduction of high speed hydrogen and deuterium pellet injectors
capable of injecting multiple pellets has allowed pellet fueling to
progress beyond the demonstration stage. In this paper we describe
various aspects of the Oak Ridge National Laboratory (ORNL) Pellet
Fueling Program, including the development of pneumatic and mechanical
injector types, plasma fueling experiments, and the numerical results
of pellet ablation and transport studies.

The objectives of the Pellet Injector Development Program (PIDP) are
(1) the short-term development of pellet fueling systems based on the
pneumatic and mechanical acceleration approaches for use in the Depart-
ment of Energy's experimental magnetic confinement program and (2) the
long-term development of one or more practicable systems to meet the
anticipated deuterium-tritium (DT) pellet fueling needs of the proposed
fusion devices typified by the Fusion Engineering Device (FED). The
PIDP, in consultation with the Fusion Engineering Design Center (FEDC)
at ORNL, has adopted as design goals for the FED the parameters of 4-mm
pellet diameter, 2000-m/s pellet velocity, 10-s"1 delivery rate, and
tritium or mixed DT operation. Numerical simulations using empirical
transport models and pellet ablation codes benchmarked on the Impurity
Study Experiment (ISX) [1] and the Poloidal Divertor Experiment (PDX)
[2] indicate that (1) nearly 70% of the FED plasma volume will be
accessible to pellets in the size and speed ranges chosen and (2) the
fueling rate will satisfy the requirements of all current particle
exhaust options. The applicability of the two injector approaches to
the FED will be tested in 1982 with the completion and operation of
dedicated pneumatic and mechanical injector facilities designed to
operate in an intermediate parameter regime with pellets 2 mm in diam-
eter, velocities of 1-2 km/s, and delivery rates of 10-50 s"1. Both
injectors will be able to operate in a steady state using high speed
solid extrusion technology developed at ORNL.

Research sponsored jointly by Princeton Plasma Physics Laboratory, MIT
Plasma Fusion Center, and the Office of Fusion Energy, U.S. Department
of Energy, under contract W-7405-eng-26 with the Union Carbide Corpora-
tion.

ruCC-ND Computer Sciences at ORNL.
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Closely associated with the PIDP is the Confinement Systems Application
Program (CSAP). The objectives of this program are (1) the development
of specific pellet injection systems for the Department of Energy's
magnetic confinement program and (2) the coordination and implementation
of pellet injection experiments on a national level. The results of
this research complement the development program by providing timely
insight into critical physics issues such as pellet size, velocity, and
feed rate. The development of the prototype single-pellet pneumatic [3]
and multipellet mechanical injectors and their subsequent use on 1SX and
PDX are examples of this symbiosis. Recent developments in this program
include extension of the single-pellet pneumatic approach to four-pellet
capability and operation of four-pellet systems on PDX, Alcator-C, and
ISX-B. Based upon results of exploratory single-pellet transport exper-
iments [2], the four-pellet experiment to be conducted in 1982 is
expected to clarify the potential differences between edge and central
fueling under quasi-steady conditions. A modified version of the ORNL
four-pellet injector is under construction at the Massachusetts Institute
of Technology for use on the Alcator-C device. An important goal of
this experiment, which is to begin in 1982, is the investigation of the
effects of density profile modification on the confinement parameter.
Finally, a similar four-pellet device is under construction at ORNL for
use in the ISX-B high beta scaling studies.

REFERENCES
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IMPLANTATION MEASUREMENTS TO DETERMINE TRITIUM
PERMEATION IN FIRST WALL STRUCTURES

D. F. Holland
Fusion Safety Program
EG&G Idaho, Inc.

R. A. Causey
Department of Nuclear Engineering

University of Virginia

M. L. Sattler
Department of Materials Science

University of Virginia

A principal safety concern for a D-T burning fusion reactor is release of
tritium during routine operation. Tritium implanted into first wall structures
and subsequently permeating into coolants, is potentially an important source
of tritium loss . This paper presents an experimental study of permeation
resulting from implantation and an analysis of the significance of the results
for a fusion reactor.

To simulate tritium implantation, an experiment was developed to implant
deuterium into a 304 stainless steel sample and measure permeation. The
apparatus is shown in Figure 1. The ion gun produces a deuterium beam of
from 1 to 5 x lO1^ atoms/(cm22s) with energies of 3 to 5 keV per ion. The
sample was heated from the outside by a resistance heater with thermocouples
attached to the sample to maintain a center temperature of 480°C. The ceramic
inserts allowed the sample itself to be used as a Faraday cup for ion beam
current measurement. A quadrupole mass spectrometer, with standard leak
sources for calibration, was used to measure the permeation rate. Operation
of the ion source resulted in a deuterium pressure of 2.66 Pa upstream from
the sample which was measured by a baratron pressure sensor.

To determine the effect of implantation, the permeation rate was measured for
various operating histories of the ion beam. Figure 2 shows the results for
a virgin sample without previous implantation. The prominent feature shown
in the figure is the initial peak and subsequent decay of the permeation
rate. After six hours of operation with an accumulated fluence of 1 x 10^-^
atoms/cm2, the affect of the implantation was strongly diminished. Partial
recovery of the higher permeation rate with implantation was achieved by
leaving the sample at 480°C overnight at a background pressure of 10"^ Pa.

To examine the significance of these results, tritium movement resulting
from implantation was modelled using the Tritium Migration Analysis
Program (TMAP)l. Since tritium diffuses in a metal in atomic form, TMAP
solved dissociation and recombination rate equations for change to the
molecular form at the surface. Based on the experimental results, the
recombination rate on the upstream surface was determined to have increased
by a factor of 250 when the fluence reaches 1 x 10^^ atoms/cm2. Using
this value, the loss rate of tritium for a fusion reactor was determined.
The enhanced front surface recombination rate limited loss of tritium
into the reactor coolant and consequently reduced concern about environmental
effects of tritium operation.
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GAMMA RADIATION EFFECTS ON
TRITIUM PERMEATION AND RETENTION

G. R. Longhurst, G. A. Deis, P. Y. Hsu, L. G. Miller
EG&G Idaho, Inc.

R. A. Causey
University of Virginia

The permeation and retention of tritium in fusion reactor structures exposed
to the plasma will be influenced by many factors. Surface cleanliness and
morphology, temperature, material properties, and particle implantation
characteristics will all influence the rate of permeation and the retained
inventory of tritium in first wall, limiter, and divertor plate structures.
The effects of neutron and gamma radiation on these processes have yet to
be determined.

Experimental evidence collected to date by several researchers have suggested
that gamma radiation serves to release trapped tritium from its trapping
sites and stimulate the desorption of atomic tritium from the material
surface. The mechanism for this activity is not well understood but appears
to invoLve Compton scattering of photons on the electrons of the host
material. The excited electrons then interact with the binding fields to
effect the release. This process appears to be fairly efficient in non
metals, but is less important than thermal activation in hot metals.
Because the surfaces of fusion reactor structures will probably be coated
with impurities such as carbides and oxides(l) it is possible that gamma
radiation may influence the rate of release of sorbed tritium. The cross
sections for photodesorption from typical structural materials are not
well known but appear to be in the 10~18 to 10~2^ cm^ ranged,3) s p o r a

photon flux of 10 1 8 photons/cm2-s(4). This corresponds to a surface rate
of .01 to 1 monolayer of sorbed gas atoms per second. If this is compared
with the predicted 10^-^ tritium atoms/cm2-s or so entering a first wall
structure from the plasma and being released at nearly the same rate by
normal surface recombination, it must be concluded that photodesorption is
not important for expected operating conditions.

To see if gamma radiation effects ordinary gas permeation, experiments were
conducted in the gamma facility of the Advanced Test Reactor at the Idaho
National Engineering Laboratory. Low pressure (10~5-10~3 pa) tritium in
circulating helium with varying amounts of protium (1-1300 Pa) was allowed
to diffuse through 0.071 cm thick 316 stainless steel. Tritium concentrations
were monitored on upstream and downstream sides of the permeation surface
using ion chamber detectors furnished by Monsanto Mound Facility having
sensitivities of 10~4 and 10" ? Ci/iar respectively. The permeation fixture
was exposed to gamma radiation fields of 5 x 10-* and 5 x 10^ R/hr coming
from activated fission reactor fuel elements placed nearby. Permeation
rates were predicted by _p

h (kT} PT
JT = — — — ^ — - (1)

where J™ is the tritium permeation flux (atom cm" s ) , BL, is a permeation
coefficient whose literature value for clean austenitic stainless steel is
1.66 x 1016 atom cm~2s~lpa~'s, E is an activation energy with a published
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value of 0.71 eV for this material, k is the Boltzmann constant, T is the
wall temperature, and Px/pH a r e Partial pressures of tritium and protium
respectively (Pa). Permeation rates should be lower for contaminated
surfaces.

For the temperature range 588-773K, the measured permeation rates agreed
with predicted values to within a factor of 3 when the system had been
previously conditioned by soaking in H2 at 773K for several hours. Agree-
ment factors tended to be within the range 1-2 for high gamma field tests
and were usually 2-3 for the low field tests with measured rates always
less than predicted. The somewhat higher permeation under gamma irradiation
may be due in part to gamma heating effects.

When the permeation surface was oxidized by exposure to air, the tritium was
found to oxidize very quickly. Permeation rates were not much lower than
previous values, however. Measurements were more varied, probably due to
various states of surface reduction by the hydrogen. In other tests, HTO
in H2O and He only was placed on the upstream side, and similar results
were observed. The apparent activation energy E was 0.96 eV, and Kp
appeared to be 2.8 x 10-^ atom cm~2s~lpa~^ for the low gamma HTO tests.
Apparently the HTO dissociates efficiently on the metal oxide with the
tritium (or protium) then being absorbed. The higher gamma radiation level
did not appear to significantly alter the result except for an apparent
increase of 64 percent in Kp.

These results suggest gamma radiation will have at most a minor effect on
tritium permeation in fusion reactor structures, but more definative experi-
ments should be conducted to verify and explain the increases observed
here.
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OPTIMIZATION OF A LARGE-SCALE GAS CHROMATOGRAPH TO SEPARATE
TRITIUM AND DT FROM OTHER H ISOTOPES

H. Weichselgartner, H. Frischmuth, J. Perchermeier, A. Stimmel-
mayr
Max-Planck-Institut fur Plasmaphysik, D-8046-Garching
EURATOM - Association

In tritium burning fusion experiments of the present genera-
tion some hundreds of milliliters of tritium and DT are to be
processed after each plasma discharge. For this task the use
of cryogenic distillation /1/ is not reasonable due to its
high tritium inventory.

Therefore we investigated the separation of hydrogen isotopes
by gas chromatography, because this process works without any
dead inventory and shows a high separation efficiency /2/.

In order to increase the sample volumes, it is necessary
a) to increase the dimensions of the separation

column (length, cross section)
b) to adjust the carrier gas flow and
c) to optimize the packing of the column.

For this purpose we designed a pilot rig which may be equipped
with various columns and in addition which allows to work with
two columns at the same time. To recover the separated species
the pilot rig has been equipped with three uranium getters
which can be switched automatically to the separation columns
by electropneumatic valves. These valves are actuated in
response to a detector signal or a time program.

The gas volumes which can be separated by one column depend
1) on the composition of the initial gas mixture
2) on the number of components of the initial mixture and
3) on the required purity of the single isotope.

Maximum values for one column are:
400 ml (STP) of a three-component mixture (H?, HD and D_)
with a purity of 99.5 - 99.8%.

Due to a carrier gas flow of 10 1 He/min in the pilot plant, a
velocity of about 250 cm/sec results within the uranium get-
ters. The H-isotope concentration will be depleted by the
uranium to values better than 2 vpm.

The aim of the study is to optimize the pilot plant in order
to further increase the total sample volume. Fig. 1 shows
the block circuit diagram of the pilot plant. When the device
will be operated with tritium, for safety reasons it will be
installed within a glove box ( l x w x h = 2 x 1 . 2 x 2 . 5 m )
which is connected with a specially designed detritiation
system /3/. The pilot plant itself is designed to be remotely
operated from outside the T-Lab.
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Fig. 1 Block circuit diagram of the pilot rig
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OPERATIONAL TEST OF THE TSTA
EMERGENCY TRITIUM CLEANUP SYSTEM*

R. V. Carlson and F. A. Damiano
Los Alamos National Laboratory

Tritium burning fusion reactors will be required to have a system which
will remove tritium from the atmosphere of the tritium handling areas in
the event of an accidental release into those areas. The Tritium Systems
Test Assembly (TSTA) is equipped with a room air detritiation system, the
Emergency Tritium Cleanup system (ETC), which will reduce the probability
of significant quantities of tritium escaping the TSTA building into the
environment after an accidental release into the building. An important
secondary function of the ETC will be to provide experimental test data
en the operation of a large room air detritiation system.

The ETC tritium removal is based on the catalytic conversion of elemental
tritium (T2) to the oxide form (T2O) with subsequent removal of the
oxide from the air by both condensation into storage tanks and drying
with molecular sieve. The primary components of the system are

Compressors One of two compressors draws contaminated air
from selected locations in the TSTA building,
compresses the air to 40 psi and heats the air
to 177°C,

Catalyst bed Converts molecular hydrogen isotopes to the
oxide form. Additional H2 can be added to
increase the efficiency of the conversion,

Cooler Precools the contaminated air to approximately
38°C,

Refrigerated Dryer Removes most of the water from the contaminated
air by condensation,

Storage Tanks Selectively stores tritium contaminated water
from dryer in one of three tanks,

Molecular Sieve Beds Removes most of remaining moisture before the
air is recycled or stacked,

Recycle System Most of the exhaust air is returned to the
room with only enough routed to the stack to
maintain the normal negative room pressure,

The tritiated water is presently collected in tanks and then can be un-
loaded onto molecular sieve. In the future using a tritium compatible
electrolyzer, the water can be electrolzed and the hydrogen isotopes
separated in the hydrogen isotope seperation system at TSTA. The ETC
will also demonstrate the feasibility of insitu regeneration of molecular
sieve by drying a bed with heated nitrogen and collecting the water in
the storage tanks. However, in the normal mode of operation saturated
molecular sieve will be drained and replaced with fresh sieve.

The system is designed to have a tritium decontamination factor of 106.
For a postulated release of 100 grams of T2 into the TSTA building lass

This work is supported by the Office of Fusion Energy, US Department of
Energy.
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than one Curie would be released to the atmosphere. Approximately 74 grans
of tritium would be collected in 34 gallons of water and the remaining
26 grams collected on the molecular sieve beds. This analysis neglects
the losses due to adsorption on walls and losses through the ventilation
system or building.

In this paper we will present actual results of the operational testing of
the ETC. The following tests will be discussed.

• Efficiency of catalytic reactor as a function of pressure, temp-
erature flow rate and hydrogen addition.

• Water removal efficiency by the refrigerated dryer as a function
of temperature/ pressure, input humidity and flow rate.

• Moisture removal efficiency of the molecular sieve beds.
• Insitu regeneration tests of molecular sieve beds.
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mat - A FACILITY FOR FUSION MATERIALS QUALIFICATION, A. L. Trego, J. W. Hagan,
R. J. Burke, E. F. Parker, Westinghouse Hanford Company, Richland, Washington.
The Fusion Materials Irradiation Test (FMIT) facility will be constructed at
the Department of Energy's Hanford Engineering Development Laboratory (HEDL),
and operated to provide an intense field of high-energy neutrons for investi-
gation of materials damage effects characteristic of those associated with
future operation of fusion power systems. The principle behind the FMIT opera-
tion is illustrated in Figure 1 where an accelerator will provide a continuous
beam of 35 MeV deuterons to impinge upon a flowing lithium stream. The inter-
action of deuterons on the lithium target will result in a stripping reaction
in which a forward directed high-energy beam of neutrons is generated. These
neutrons are then available for materials irradiations which, due to the
resultant high-energy spectrum, will be directly correlatable to the damage
effects predicted in deuterium-tritium fusion power systems.

FUSION MATERIALS IRRADIATION TEST FACILITY (FMiTJ
PROVIDE A FUSION UKt HIOH ENERGY NEUTRON ENVIRONMENT fOR IRRADIATION TESTINO

Of MATERIALS AND COMPONENTS IN DEVELOPMENT OF FUSION POWER SYSTEMS.

UTHI'JM TARGET

HIGH FLUX TEST VOLUME

-10 cm3 > W ^ n / c m 1 ! (>IO4p«/r» AND IQHa/dptl
• (00cm*> W " n U ^ i
• HIGH ENERGY NEUTRON OAMAGE TYPICAL

OF THAT IN A FUSION REACTOR

Figure 1. Fusion Materials Irradiation Test Facility (FMIT).

Construction and operation of the facility will be conducted under the manage-
ment direction of the Westinghouse Hanford Company. The program is expected
to include international participation through agreements now under discussion
within the framework of the International Energy Agency (IEA). Key to these
discussions is recognition of the mutual benefit of engineering technology
forthcoming from materials and component irradiations once operations begin in
1988.

The building design is complete and construction readiness reviews will be
conducted once the collaborative agreements are in place. The overall arrange-
ment of the facility is shown schematically in Figure 2.
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Figure 2. Overall Arrangement of the FMIT.

Key development activities have been conducted in support of the FMIT design.
Deuteron injector operation has been demonstrated and operation of critical low
power accelerator components to 2 and 5 MeV is planned at Los Alamos. Opera-
tion of a full-scale lithium system has demonstrated component and target
performance to full flow conditions. Remote handling operations have been
demonstrated in full-scale mockups of critical components. Lithium corrosion
and erosion potentials have been verified to be acceptably low under FMIT con-
ditions .

Engineering studies have been conducted in parallel with the FMIT design, par-
ticularly in the areas of radiation protection and shielding, neutron physics,
and systems availability. With the intense, high energy neutron field gener-
ated in the FMIT, radiation shielding and contamination control have been major
considerations in the facility design. Radiation shielding studies, which
constituted a major input to the Draft Safety Analysis for the facility, con-
firm that the facility structures are conservatively designed and operations
will not constitute any undue risks. Nuclear physics assessments predict that
the flux-volume objectives shown in Figure 1 will be met with the design out-
put current of the accelerator and with the present lithium target design.
Systematic engineering assessments of potential failure modes, projected fre-
quencies of occurrence, and anticipated repair times for such events have shown
that the established availability goal of 65% can be met.

To assure that the FMIT will meet the projected needs of the fusion materials
community, a reference test matrix of first-round irradiations has been devel-
oped based upon input from the materials technologists. Studies consistent
with the projected facility availability have shown that the first round of
approximately 15,000 test specimens can be irradiated to MOO dpa within the
first four years of FMIT operation.

FMIT developmental and engineering activities are continuing in order Co
finalize design features in preparation for construction and assure an optimum
design schedule once construction and major component procurements commence.
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THE NUCLEAR DESIGN OF A VERY LOW ACTIVATION FUSION REACTOR*

E. T. Cheng and G. R. Hopkins
General Atomic Company

P.O. Box 81608, San Diego, California 92138

An investigation to reveal aspects of a very low activation fusion
reactor has been conducted recently under the support of the Department of
Energy.*»2 The general feature of a very low activation fusion reactor is
that the quantity of radioactive materials to be disposed of and the corre-
sponding radiation dose rate levels can be reduced by up to six orders of
magnitude compared to a fusion reactor design such as the reference STARFIRE
design^ that employs conventional materials for the structure. In general
the very low activation materials such as SiC, MgO, and Aluminum possess
less neutron and gamma-ray attenuating capability compared to the conven-
tional structural and shield materials such as stainless steel, lead and
tungsten. Hence it is essential that a study of the radiation shielding
properties of the very low activation materials be conducted. It was found
in that study that the limited space available for installing the inboard
blanket and shield in a tokamak reactor creates a potential problem in
employing the very low activation materials for the structural, shield, and
magnet components. Therefore it is the purpose of this paper to discuss the
nuclear design of the inboard region of a very low activation fusion reactor
adapted to the STARFIRE reference design keeping in mind that all dimensions
in the reference STARFIRE design are to be maintained.

The inboard nuclear design study investigated the tritium breeding in the
very low activation fusion blanket employing Li20 breeder and SiC structure
and cooled by helium.2 Calculations revealed that a tritium breeding ratio
of only about 0.99 tritons per D-T neutron is attainable without employing
a neutron multiplier such as beryllium and lead. With a 5 cm BeO multipli-
cation region in the inboard blanket only, the tritium breeding ratio
increases to about 1.06 tritons per D-T neutron. It can be further
increased to about 1.15 if 5 cm of metallic beryllium is used.

The nuclear attenuation properties of SiC and MgO were investigated and
compared to those of Pb and W. It was found that additional thicknesses
needed for the SiC/B^, MgO/B^, and Pb/B^ shield designs are 1.0, 0.64,
and 0.55 meters, respectively, if the radiation dose on the S/C magnet
insulators is maintained at the same level as the reference STARFIRE
design.

Based on the above results, a reference very low activation fusion reactor
design has been completed. It employs a helium cooled blanket that incor-
porates Li£0 breeder and SiC structure, with BeO in the inboard region as
the neutron multiplier. It has five layers of removable tungsten plates,
each is 6 cm thick, inserted in aluminum tanks and cooled by water, that
must be removed to shielded storage before maintenance in the inboard region
can be attempted. All the structural materials in the shield are to be
replaced with very low activation aluminum alloy. The superconducting (S/C)
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(S/C) magnet employs epoxy-reinforced graphite fiber as the coil case and
is designed based on the minimum thickness low activation S/C nagnet design
concept.^ Final neutronic calculations showed that this design is able to
achieve the fusion reactor requirements while having a very low radioactiv-
ity inventory in the reactor structures. The radiation dose to the S/C mag-
net insulators after 30 full power years reaches about 5.5 x 107 Gy which is
about a factor of 5 higher than that in the reference STARFIRE design. How-
ever, this can be mitigated by employing more radiation resistant organic
insulation material such as polyimide.

In conclusion, a low-activation tokamak fusion reactor design can be
achieved that enjoys the basic principle of low-residual radioactivity and
satisfies the fundamental nuclear design requirements of adequate tritium
production and acceptable shielding of the superconducting magnets.
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SELECTION OF HIGH CURRENT CONTACT MATERIALS
FOR

TOKAMAK DEVICES*

Dennis C. Banker
McDonnell Douglas Astronautics Company - St. Louis Division

In tokamak fusion energy devices the current generated in the plasma during
operation is large., usually in the megampere range. One of the many require-
ments is that of providing reliable electrical contact between these segments
during a plasma disruption. In recent designs greater emphasis is being
placed on maintainability, with easily replaceable torus segments being a
prime consideration. An easily separable connector that can handle large
currents is required for this service. Such a connector requires contact
surfaces that tolerate much abuse. The amount of current that can be safely
carried depends on certain characteristics. For example, the size of the
contacts, the contact pressure and their physical properties (melting point,
conductivity, oxidation resistance, etc.) are of most interest. The nature
of the applied current (transient vs. steady state, pulse ramp up time, etc.)
will also greatly influence the choice of material.

This paper will analyze the available contact materials and their operating
limitations, identify candidate materials, define a procedure for testing
the most promising candidates, and discuss the initial test results.

The anticipated operating parameters and environment for the connector con-
tact materials are listed below.

o A maximum of approximately 600,000 A/meter of first wall periphery
in the poloidal plane.

o One plasma disruption pulse/day, 150 ms duration.

o Radiation environment from DT reaction plasma.

—2 —6
o Operate in vacuum at 10 to 10 torr.

o Exposure to facility atmosphere during maintenance.

o Not required to make/break contact under load.

o Operating voltage - 10V to 20V but must survive spikes to 1,000V.

o 300°C ambient temperature; resulting from thermal, radiation and
magnetic field energy.

o Should be bakeable with minimum materials outgassing.

* Work supported by Argonne National Laboratory
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Available information provides very little data on the behavior of high current
(100 kilo-amperes or greater) connectors. Therefore, a series of tests have
been designed to screen various candidate materials. Four materials have been
selected for testing from a list of candidate contact materials. These are
copper/tungsten, silver/molybdenum, silver/tungsten carbide and silver lead.
The tests consist of subjecting the selected materials to operating conditions
similar to those previously mentioned. The current density, low atmospheric
pressure environment, and low operating voltage are considered of primary
importance.

The test procedure involves placing a known surface contact pressure of from
10 to 300 psi on several pairs of contact material specimens and passing a
current of from 30KA to 300KA through them. Specimen deterioration because
of welding, melting, etc., is noted. During the test the specimens are con-
tained in a vacuum chamber at a pressure of 10~3 torr. This atmospheric
pressure is considered the maximum that can be tolerated between torus segments
without allowing arcing and would be a realistic estimate of the pressure that
can occur at this point in the system. Thus, it is a more demanding environment
than a base pressure of 10"^ torr. The specimens are instrumented with sensors
to measure temperature, induced strain, and voltage or resistance across the
specimen junctions. The current and pulse duration also are measured. The
tests will determine that current density at which welding occurs and how this
will vary with contact pressure and size.

At present, 55 tests have been conducted, and of these 9 produced welds.
These are the results and conclusions based on the data taken to date:

o The refractory/conducting mixture of metal looks favorable as a
a connector concept.

o Copper/tungsten specimens welded least often,
o Silver/tungsten carbide specimens welded most readily,
o Welds that did occur were very weak (0-7 lb. shear force),
o Connector operating parameters based on data taken to date:

Size Pressure Range Current Range

.75 inch dia. 300 psi or greater 0-50 KA
1.125 inch dia. 40 psi or greater 0-270 KA
1.625 inch dia 20 psi or greater 0-300 KA

Additional testing is planned to attain increased statistical confidence and
an increased peak current to 500KA.
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FIRST WALL COATING CANDIDATES FOR INERTIAL CONFINEMENT
FUSION REACTOR CHAMBERS USING DRY WALL PROTECTION ONLY

D. A. Sink, Westinghouse ARD
Fusion Engineering, Madison, PA 15663

Twenty pure netals were considered ts potential candidates for first wall
coatings of ICF (Inertial Confinement Fusion) reactor chambers. Seven
were found to merit further consideration based on the results of
computer code calculations of figures-of-merit. The seven are rhenium,
iridium, molybdenum, chromium, tungsten, tantalum, and niobium (listed in
order of decreasing values of figures-of-merit). The calculations are
based on mechanical, thermal, and vacuum vaporization engineering
constraints. A number of alloys of these seven aetals are suggested as
additional candidates.

The engineering solutions to the protection of the first solid surface of
ICF reactor chambers include the potential applications of flowing liquid
metals, thin liquid metal film6, high density gases, magnetic fields, and
thin metallic coatings, as well as various combinations of each of these
schemes. Only the scheme having metallic coatings uses another solid
material to protect the chamber structural wall. Such coatings must
simultaneously satisfy mechanical, thermal, and vacuum vaporization
engineering constraints during reactor operation, and these constraints
seriously limit the number of materials to be considered. If these
constraints are then coupled to considerations of costs,
manufacturability, coating technology development, and irradiation damage
at elevated temperatures under pulsed loadings, the potential candidates
for first wall coatings will more than likely be restricted to a mere
handful of materials.

Using the CANDID code, 20 pure metals wert investigated for potential
application as first wall coatings for ICF reactor chambers. This code
was developed for this study for compiling physical data and
figures-of-merit (FOM) on the candidate coatings. The data base of
material properties included 19 physical parameters for each of the 20
candidate metals. Based on a number of these parameters as well as on
several key ICF device parameters, six FOM were calculated using CANDID
for each candidate. By taking weighted sums of the six FOM values,
overall FOM values were obtained. The 20 pure metal candidates
investigated were aluminum, silver, gold, beryllium, chromium, copper,
iron, iridium, molybdenum, niobium, nickel, platinum, rhenium, silicon,
tantalum, thorium, titanium, vanadium, tungsten, and zirconium.

The candidate materials recommended for further consideration as first
wall coatings are:

Rhenium (Re) Iridium (Ir) Molybdenum (Mo) Niobium (Nb)
Chromium (Cr) Tungsten (W) Tantalum (Ta)

where the list is in rank order based on FOM values. Tantalum is the
material previously selected for the ICF dry wall design.**' Based on
the relative rankings of these seven materials in each of the six areas
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where FOM values were calculated the following observations are made: 1)
W and Mo are especially suited as resisting surface melting, the first
FOM, 2) Cr and Re are excellent candidates for maintaining snail
temperature changes at the interface with the structure wall, the second
FOM, 3) Ir and W are the most compatible of the seven in terms of
matching the natural frequency of the structural wall, the third FOM, 4)
Re, Mo, and Nb are the best candidates in terms of withstanding both
mechanical and thermal loads, the fourth and fifth FOM, 5) Ir and Cr are
particularly suited for wall conditioning by evaporation at elevated
temperatures, the sixth FOM.

Some basic weaknesses in the properties of the seven candidates include:
1) Low FOM in performance under pulsed loading for Ir, Cr, and W, 2) Low
FOM in the matching of natural frequencies with that of the structural
wall for Ta and Nb, where a mismatch would weaken the bond due to tensile
forces arising from the resulting vibrational motion, 3) Low FOM in bulk
temperature rises for Ta and Nb, 4) Low evaporation rates at elevated
temperatures for Nb. High evaporation rates are required during wall
conditioning operations which would remove materials built up on the wall.

Overall, rhenium has component FOM values which are relatively high in
all areas investigated. Molybdenum has FOM values which are good to very
good in all areas and has no areas with low FOM values. All the other
candidates show weaknesses in one or more of the areas examined. The
candidate selected for an ICF dry wall study^^ i.e., tantalum,
continues to show promise, but there are areas of potential weakness in
that three of the six FOM values placed Ta in the lower half of the
ranking when considering all 20 candidates.

In collecting temperature-dependent data for this study and for CANDID
input, very little data was found for high temperatures. For five
candidates (Mo, Nb, Ta, W, and Ir) enough data was collected to permit a
limited temperature-dependent study. The FOM values were found to be
strong functions of temperature, and were found to have changes with
temperature which do not follow any characteristic pattern for the five
materials studied. At the highest temperature (1273 K) all FOM values
were much lower than at 20°C, indicating the importance of using data at
the elevated temperatures expected in the ICF reactor. Alloys which
should be included in further studies are Mo-Re, W-Re, Pt-Ir, Mo-W, TZM,
Ta-W, and Nb-Zr. For additional studies, the number of FOM could be
increased to include cost, fabricability, and irradiation effects. The
numerical results of FOM values and candidate rankings will be presented.

1. L. H. Taylor and E. W. Sucov, J. of Nucl. Materials, ̂ W (1982) 245.

2. E. W. Sucov, et al., Proceedings of the Fourth Topical Meeting on the
Technology of Controlled Nuclear Fusion, CONF-801011, October 1980,
pp. 1197-1204.

Work supported by U.S. Department of Energy under Contract
DE-AC08-81DP40146.
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CORROSION BEHAVIOR OF MATERIALS SELECTED
FOR FMIT LITHIUM SYSTEM

6. D. Bazlnet M. G. Down D. K. Matlock
Westinghouse Hanford Co. Westinghouse R&D Center Colorado School of Mines
Richland, WA Pittsburgh, PA Golden, CO

The corrosion behavior of select materials in a 230°C to 27O°C liquid lithium
environment has been studied extensively in support of systems and components
designs for the Fusion Materials Irradiation Test (FMIT) Facility. In the FMIT
application, liquid lithium is used in a recirculating, closed loop system to
provide a target for the generation of neutrons and to remove the heat gener-
ated by a deuteron beam interaction with the flowing lithium stream.

The corrosion program consisted of a multi-disciplinary approach utilizing the
liquid lithium test resources and capabilities of several laboratories. Spe-
cific concerns associated with the overall objective of materials corrosion
behavior were evaluated at each laboratory. Testing conditions included:
^3700 hours of exposure to flowing lithium at temperatures from 230°C to 270°C
and M>500 hours of exposure to flowing lithium at an isothermal temperature of
270°C. Principal areas of investigation, to be discussed here briefly, in-
cluded lithium corrosion effects on the following:

(1) Types 304 and 304L austenitic stainless steels, which are specified as
reference materials for the FMIT lithium system;

(2) type 304 stainless steel weldments (w/type 308 stainless steel filler)
typical of specified tube and butt welds in the lithium system design;

(3) titanium, zirconium and yttrium, which represent potential hot trap
getter materials;

(4) BN14 braze alloy, used as a potential attachment method in the plug/seat
fabrication of liquid lithium valves; and

(5) type 321 stainless steel bellows, typical of bellows used in potential
liquid lithium valve designs.

The 304/304L austenitic stainless steels were selected as the FMIT lithium sys-
tem baseline materials based upon the extrapolation of existing higher tempera-
ture data to FMIT temperatures and also due to their excellent compatibility
with liquid sodium. In one experimental lithium loop, designated as 7BELL,
over 100 test coupons were tested. In addition to the 304 and 304L coupons
and weld specimens, candidate materials for other lithium system components
were included. The coupons were exposed to flowing lithium O1.5 GPM) over a
temperature range of 230°C to 270°C for a duration of 3718 hours. The deter-
mination of corrosion rates was made by weight change data. The corrosion
rates of 304 and 304L were approximately equal and essentially negligible at
^0.2 micron/year. Type 304 butt and tubular weldments w/308 filler material
experienced a weight loss rate approximately two times greater than the 304
parent metal, although still insignificant in terms of gross corrosion weight
loss. Ferritic materials, including pure iron and Fe-2-1/2 Cr-lMo showed less
corrosion than the 304. The corrosion rates of titanium and zirconium were
0.04 and 0.25 micron/year respectively. However, the yttrium coupons became
exceptionally brittle and fragmented during post-test handling.
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Subsequent analyses on the yttrium specimens disclosed that embrittlement was
caused by transformation of the specimens to yttrium dihidride (YH2). In a
separate laboratory, corrosion behavior of 304 and 304L materials was also
evaluated after 4000 hours of lithium exposure using two independent experi-
mental approaches; one using a lithium recirculation loop of 12 gallon capacity
with an isothermal test leg @ 270°C, while the other involved specimens at-
tached to a rotating disc in static lithium in order to develop higher lithium
velocities (up to 24 m/s) and evaluate the contributing effects of erosion on
total material loss. The results in this testing substantiated those of the
7BELL testing in that corrosion rates, as determined by weight change, were
. less than 0.5 micron/year. Moreover, the results from the rotating disc
experiment showed that although significant surface chemistry and topographi-
cal changes were noted over the velocity regime studied, no evidence was found
to indicate attack by an erosive mechanism.

Another phase of the corrosion test program involved test activities conducted
in a larger (1300 gallon capacity), recirculating lithium loop designated as
the experimental lithium system (ELS), and utilized primarily for FMIT compo-
nents development. The ELS is a computer controlled lithium loop capable of
continuous, unattended operation, having operated isothermally at an average
main loop temperature of 270cC for over 8000 hours. Metallographic examina-
tion of several piping welds from a 4-inch, 304, U-bend piping section of the
ELS main lithium loop was completed to alleviate concerns of intergranular
lithium attack in the heat affected zone (HAZ) of 304 weldments. After ^6500
hours of isothermal (270°C) operation, there was no detectable evidence of
lithium attack on any of the weldments examined.

A 304 SS valve body, w/Stellite 6B seat insert attached by brazing, was tested
in the ELS to provide corrosion data. Testing of several coupons in the 7BELL
test loop discussed previously was inconclusive, however testing of the same
braze alloy in ELS for an equivalent lithium exposure (M000 hrs @ 270°C) dis-
closed a very definite lithium attack ("v60 microns depth).

Destructive examination was performed on a 1-inch, 316 SS, valve after <v5800
hours of exposure to 270°C lithium and 10,000 cycles of operation. This exam-
ination showed no lithium attack on the 316 SS components (bellows, stem,
adapter, valve body and seat) and the Stellite 6B plug insert, consistent with
the corrosion rate data on similar alloys from other testing.

Another separate test facility/program evaluated the fatigue resistance of type
321 stainless steel bellows in static lithium at 270°C. Four seam-welded type
321 SS bellows and four seamless type 321 SS bellows, typical of those used in
a 1-inch valve, were tested. Two seam-welded bellows failed in the weld area
at ^5000 cycles in lithium, while two identical units tested in argon at the
same temperature and frequency showed no evidence of fatigue failure after
5000 cycles. Additional cycling in argon to 12,500 cycles (@ 27O°C) was com-
pleted without failure. Conversely, all four seamless bellows completed
fatigue-cycling in lithium at 270°C (12,500 cycles) without failure or evidence
of fatigue damage.

The results and conclusions achieved by the various studies associated with
corrosion behavior of materials in a liquid lithium environment were signifi-
cant in supporting the basic concerns and decisions regarding FMIT lithium
systems and components designs.
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THE FUSION MATERIALS IRRADIATION TEST (FMIT) FACILITY LITHIUM SYSTEM - A
DESIGN AND DEVELOPMENT STATUS, P. J. Brackenbury, G. D. Bazinet, V. C.
Miller, Westinghouse Hanford Company, Richland, WA. An update is provided
on the status of the ongoing design and development applicable to the Fusion
Materials Irradiation Test (FMIT) Facility lithium system since it was last
reported. W

The lithium system serving the FMIT facility will be, upon its completion, in
1987, the largest lithium loop in the world. Acting as the terminus of the
deuteron beam from the FMIT accelerator, this system both carries away the
3.5 MW of deposited beam energy and supports the proton stripping reaction
producing the intense, high energy neutron field for irradiation testing.

The design of the piping system is complete and has undergone a rigorous inter-
nal review. As shown in Figure 1, it is comprised of a recirculating loop
with the heat deposited in the target region being rejected to a secondary
coolant in the lithium heat exchanger (LHX). The design duty factor stipu-
lates that lithium flow to the target be maintained on an uninterrupted basis
for periods as long as 7000 hours, although 2000 hours will be more typical.

The heart of the system, the target, establishes a thin centrifugally pressur-
ized jet of lithium for optimal interaction with the deuteron beam. The tar-
get acts as the interface between the liquid metal environment of the lithium
system and the high.vacuum environment of the accelerator. Because of the
intensity of the interaction between the beam and the lithium in the target,
it has been the most rigorously analyzed and tested lithium component.^)
Lithium testing of the first generation target design has been proceeding for
over a year in the Experimental Lithium System (ELS).{3) The ELS MK II target,
a second generation design incorporating the accumulated lessons of over three
years of testing and analysis, is scheduled for completion in 1983 followed by
installation and testing in ELS.

The design includes special features for remote operations once facility opera-
tion commences. High gamma fields from activation products will accumulate
after the facility is operated and necessitate special features for remote
inspection, maintenance and repair of key components. In addition, special
safety features have been incorporated to address unlikely events such as lith-
ium or secondary coolant leaks inside the isolation of the lithium system
vault.

The LHX is a conventional two pass U-bend type with two special features. To
eliminate lithium (shell) side crevices, the tube-to-tubesheet joint is inter-
nal bore welded to'spigots integral with the tubesheet. Also, the design
addresses the special requirements of remote access for maintenance and inspec-
tion.

A prototypic-sized main electromagnetic pump, an annular linear induction type
(ALIP), has been both designed and fabricated by HEDL personnel. Its full
scale predecessor has successfully operated in the ELS in excess of 10,000
hours. The new pump is essentially identical to the EMIT pump. The smaller
chemistry loop ALIP is designed and awaiting fabrication.
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The valve designs have been qualified for liquid metal use by years of suc-
cessful operation In sodium. After minor modification, these valves were
tested in the ELS. The valves generally performed well in lithiua, though
some problems were encountered. These problems are being addressed in on-
going studies.

The lithium chemistry monitoring and control subloop employs devices for on-
stream characterization, remote sampling and trapping/gettering of impurities.
Testing of these components is proceeding in ELS with completion scheduled in
1983.

Corrosion studies have been completed which qualify basic materials for con-
structions and specialty materials for bellows, valve trim and weld/braze
alloys.

Since its last description, several system modifications have occurred. Pro-
visions for the second target have been eliminated, the receiver tank has been
replaced by a surge vessel, a quench tank has been added to the target outlet
to enhance mixing of the heated lithium leaving the beam region, and the sys-
tem design temperature has been reduced to 315°C C600°F).

The FMIT lithium system described is significant because of the key role it
will play in meeting Fusion Program needs. It will enable FMIT to advance the
understanding of materials behavior, and it also makes a broad contribution to
the lithium technology base as a whole.

References:

(1) "The FMIT Lithium System Design," HEDL-SA-1918FP, March 1980.

(2) "Experimental Results from a Flowing Lithium Target," HEDL-SA-2722,
November 1982.

(3) "Large Lithium Loop Experience," HEDL-SA-2402, October 1981.
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Flow and Heat Transfer Characteristics in Lithium Loop
Under Transverse Magnetic Field

Keiji MIYAZAKI, Yoshio SHIMAKAWA, Shoji INOUE, Nobuo YAMAOKA and Yoichi FUJII-E

Department of Nuclear Engineering, Faculty of Engineering, Osaka University
Yamadaoka 2-1, Suita-shi, Osaka, Japan 565-00

Abstract

In order to gain basic information on the MHD pressure drop and the MHD effect

on the heat transfer characteristics and to have experiences on handling and loop

operation of liquid lithium metal, a small-scale forced circulation loop of lithium

was constructed in the Nuclear Power Experimental Facilty of Osaka University. A

schematic diagram of the lithium loop is shown in Fig. 1. The loop and its

principal components are enclosed in the casing frame which is movable on the floor

coated with fringed steel plate, and provided with two parallel test sections: one

is for heat transfer experiment and the other for MHD pressure drop measurement.

Each test section can be fitted to the magnet by moving the frame of loop. The

maximum operating temperature is 600°C and the maximum flow velocity of lithium

is 5.0m/sec in the test section. The entire loop is contained in a steel plate case

filled with Ar gas, except for a cooler , a cold trap etc., for protection against

lithium fire in the event of leakage. The outlines of the principal components for

the the loop are as follows

Electromagnetic pump A.C. induction linear type, 40Vmin, 3bar rating.

Magnet D.C., Magnetic flux density: 2T
Pole faces: 150x500mm, interpole gap: 80mm.

Test section for heat 19.05mm O.D., 15.75mm I.D., 316-S.S. cui-a
transfer experiment heater pin of 7.6mm O.D and 300mm heating length

heat flux: 250W/cm»-
attached with 9 thermocouples of 0.5mm O.D.
316-S.S. sheathed ungrounded junction type

Test section for MHD 19.05mm O.D., 15.75mm I.D., 316-S.S. tube
pressure drop Attached with 2 strain gage type pressure transducers

for high temperature use

The experiment on the following subjects were conducted and the data are

now being arranged to obtain the general findings.

(1) Magnethydrodynamic effects on heat transfer characteristics

Heat transfer coefficient and flow velocity were measured as a function of

magnetic field strength B, to obtain the relation between Nusselt nad Reynolds

numbers with Hartmann number as parameter.

* Institute of Plasma Physics, Nagoya University, Furocho, Chikusaku, Nagoya, Japan
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(2) Magnetohydrodynamic pressure drop; Measurement and analysis.

The exerimental conditions were

Magnetic field strength B= 0-1.0T

Lithium flow velocity u= 0.2-5.0m/sec

Heat flux g= 0 - 120W/an

Lithium temperature T= 350-400*C

As for the pressure drop, good agreements were obtained between the experimental

data and the theoretical prediction based on the uniform velocity model.

The heat transfer was decreased with increasing the magnetic field strength, but

not monotonically in a weak magnetic field region of 0.1-0.4T where a singular

phenomenon was observed.

Buffer tank

To vac.
pump

n Storage
J tank

Fig. 1 Lithium circulation loop
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MIRROR ADVANCED REACTOR STUDY (MARS) SOLID BREEDER BLANKET AND POWER
CONVERSION SYSTEM

R. Bullis, I. Clarkson, L. Deutsch, R. Micich, M. Rossi, M. Stauber, F. Suh
Grumnan Aerospace Corporation

The MARS project has the objective of designing a commercial Fusion Power
Reactor based on the Tandem Mirror concept. As such, it must include a blanket
capable of converting the captured fusion neutrons into thermal energy while
simultaneously breeding tritium.

Since many breeding blanket concepts exist and it was not clear that any
particulat design had superiority over all others, it was decided to study
several blanket designs. This paper describes one of those designs; in-
corporating a solid breeding material , lithium oxide (L12O), cooled by
helium which, in turn, powers a conventional steam-electric generating cycle.

The breeding blanket assembly consists of the first wall, blanket and shield,
which surrounds the 150 meter long central cell of the reactor and accepts a
5 MW/M2 neutron wall loading. The blanket/shield must protect the central cell
coils from radiation and heating as well as providing protection to the sur-
roundings .

Maintenance and fabricability considerations led to the selection of a six
meter long modular configuration (see Figure 1) incorporating two magnets, a
shield assembly and a blanket assembly with associated support structure.
Each module weighs 781 tons and can be installed and removed from the reactor
as a unit.

The primary structure of the module which forms the pressure vessel and support
structure is ferritic steel. The breeding material (Li20) is contained in
bundles of thin wall tubes arranged parallel to the plasma axis. These tubes,
along with their support structure, must endure temperatures of up to 700°C
and this led to selecting a vanadium alloy for this service.

The entire breeding portion of the blanket is cooled wi.h helium. The gas,
at a pressure of 30 ATM,, is distributed in circumferential passages in the
first wall. From there it bleeds into the breeding zone and flows over the
Li£0 bundles. Bred tritium migrating from the breeder rods enters the gas
stream at this point and is processed out in a slip stream outside of the
blanket. A separate water circuit cools the shield.

The neutronics analyses utilized the one-dimensional discrete ordinate code
ANISN, with a 100 neutron/21 gamma group structure and the cross section
library EPR, and were conducted in the P3S8 approximation for cylindrical
geometry.

A number of parametric variations in factors affecting the neutronics per-
formance were explored. These included breeding material selection (L12O vs.
Li^Pb2), blanket thickness, Li-6 enrichment, the use of a reflector (steel,
SiC or graphite), and of a beryllium multiplier for Li20 blankets. In general,
it was found that the blankets would have to be over a meter thick to avoid
significant energy leakage into the shield. The effects of Li-6 enrichment
was complex but minor and reflectors showed no advantage in their use.
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Beryllium multipliers has a profound effect, achieving breeding ratios as high
as 2.0, but were not incorporated in the design due to resource limitations.
The selection of I^O over Li7Pb2 as a breeding material was made due to a
slightly higher sintering temperature limit, however, Li7Pb2 remains as a strong
alternative. The selected configuration had a predicted tritium breeding ratio
of 1.25 and an energy multiplication of 1.1.

The thermal/hydraulics analysis was based on cooling the first wall and breeding
zones with a series flow of helium and to keep the HT-9 portions of the structure
under about 500°C, while maintaining the L12O in a temperature band of 410° -
700°C and still supplying the highest possible temperature to the power cycle.
To balance the exponential variation in heat deposition with depth in the blanket
and maintain a uniform breeding material temperature a gradation in breeding
rod diameters was incorporated. The coolant inlet temperature was set at 300°C
and the outlet temperature was 630°C. A pressure drop analysis indicated that
264 MW of power would be required to pump the helium (8.6Z of the blanket
thermal power). The high temperature helium flows to the power conversion
system where it produces superheated steam in a double wall heat exchanger
to prevent tritium permeation into the steam system. Since the steam temper-
ature produced is very close to that obtained in present-day fossil steam
plants, a state-of-the-art regenerative reheat steam cycle was selected with
a gross cycle efficiency of 42.5X.

This study has demonstrated the feasibility of providing a gas cooled solid
breeding blanket for a tandem mirror reactor with a high neutron wall loading,
with only a modest advance in present technology.
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FELIX CONSTRUCTION AND EXPERIMENTAL PROGRAM

L. R. Turner, W. F. Praeg, M. J. Knott, R. J. Lari and R. B. Wehrle
Argonne National Laboratory

FELIX (Fusion JJLectroraagnetic _Induction experiment) is an experimental test
facility being constructed at Argonne National Laboratory (ANL) for the study
of electromagnetic effects in the first wall/blanket/shield (FW/B/S) systems
of fusion reactors. The FELIX program is part of the FW/B/S Engineering
Technology P'rogram, administered by ANL. This paper reports on the
construction of FELIX, which will soon be complete, and the program of
upcoming experiments.

FELIX will provide a steady horizontal magnetic field of 1.0 T and a pulsed
vertical field of 0.5 T over an experimental volume of 0.76 m . The pulsed
field decays at rates up to 50 T/s. Several aspects of the FELIX facility are
now different from the preliminary design.[1] Coil reoptimization has reduced
the size of the coils and has reduced the energy stored in the solenoid and
dipole fields by 36% and 32%, respectively. The six large solenoid coils have
been replaced by 24 two-layer pancake coils. The cross section of the dipole
coils has been reduced by 25%. Axial tie rods across the coils and spacers
are prestressed to withstand the internal forces and moments from the coil
reactions. FELIX now has two support pillars instead of four to give greater
experimental access at a reduced cost. Highlights of the construction,
including developments in coil winding techniques which should be of general
interest, will be discussed in the paper.

The first series of experiments to be performed when the facility is completed
will study eddy-current effects in flat plates. These two-dimensional (2D)
geometries will be the easiest to instrument and record data from and the
easiest to simulate with computer codes. Some of the objectives of the 2D
experiments will be to study the 2D eddy-current pattern and the resulting
fields, forces, torques, stresses, and heating; to study the perturbing
effects of slits, holes, and other geometrical features; and to evaluate 2D
codes.

The test piece consists of a rectangular aluminum plate 1 m by 0.8 m and 1 cm
thick, perpendicular to the dipole field.

To determine field distortion by the eddy currents, field probes will be
placed at several points on and around the plate. Also, pairs of search coils
will be placed above and below the plates to measure the value of the local
current density. Current patterns also can be inferred from measurements of
temperature rise; such measurements can be nade globally with infrared viewing
and locally with thermistors.

The currents, fields, temperatures, forces, and torques to be effected in the
plate have been computed with the code EDDYNET. In the uniform magnetic
fields, there is no net magnetic force, but a net torque peaking at 76 kNm and
15 ms is predicted for pulsed and steady fields of 0.5 T and 1.0 T,
respectively. In carrying out the experiment, a solenoid field much less than
1.0 T will be used to make the torque more manageable; the full solenoid field
will be needed in later experiments with smaller or segmented test pieces.
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Contour plots of temperature rise in the plate as a function of tine were also
calculated with EDDYNET for several different tines. At all tines, the
highest temperature is in the center of the long edge; the peak temperature is
5.1°G above ambient and occurs 140 ms after the start of the pulse.

After the plate experiments (including the effect of holes and slits in the
plate) are completed, subsequent experiments will deal with three-dimensional
(3D) geometrical effects. Test pieces will include a hollow conducting
cylinder and an array of conducting bricks. The effects of segmentation and
the separation between segments will be studied. The goals of the 3D
experiments will be to study the eddy-current shielding by continuous and slit
hollow cylinders; to study the current patterns, heating, and forces in such
cylinders and bricks; and to evaluate 30 codes.

Later experiments will include component concepts, component models, and,
finally, component prototypes. Other studies may deal with arcing, electrical
contacts between FW/B/S sectors, and melt layer behavior.

As a typical test piece will experience no net force and a net torque only
about an axis perpendicular to both the dipole and solenoid fields, the test
pieces will be supported on non-metallic tubes along that axis. The tubes
will pass through two horizontal holes in the facility. Torques are measured
by strain gauges on the tube, located outside the high magnetic fields. The
dynamic response of the support must be known and must be flat for the
frequency range of interest.

In selecting instrumentation for FELIX, many sensor types have been evaluated;
the types and quantities needed for the first FELIX experiment are being
chosen. The harsh electrical and magnetic environment of FELIX presents a
test bed for the sensors themselves as well as for the electromagnetic
effects.

The measurement of mechanical strain in the FELIX environment appears to
represent the most severe instrumentation problem area of the project.
Several different phenomena have been used to translate strain into a usable
signal; several of these were studied for FELIX. Both local temperatures and
overall temperature patterns are to be measured in the FELIX experiments using
thermistors and infrared imaging. Magnetic currents produced by eddy currents
will be measured with both search coils and Hall probes.

FELIX construction soon will be complete, and testing of the components for
the experimental program will begin at that tlrae.

References

[11 W. F. Praeg, et al., "FELIX: An Experimental Facility to Study
Electromagnetic Effects for FW/B/S Systems," Proc. 9th Symposium on
Engineering Problems of Fusion Research, Chicago (1981), pp. 1763-1766.

*Work supported by the U. S. Department of Energy.
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MECHANICAL AND THERMAL DESIGN ASPECTS OF THE BLANKET,
AND MAINTENANCE CONSIDERATIONS OF THE CENTRAL CELL IN MARS

Y.T. Li, D.K. Sze and I.N. Sviatoslavsky
Fusion Engineering Program

Nuclear Engineering Department
University of Wisconsin

MARS is a conceptual design of a tandem mirror fusion power reactor. A
primary objective of the blanket design is to take maximum advantage of
the linear geometry of the tandem mirror in order to achieve a
straightforward maintenance approach which can be performed rapidly by
remote control. This paper briefy describes the mechanical and thermal
blanket design aspects, then addresses the maintenance concept of the
central cell.

Figure 1 shows a cross section of the central cell which is a linear
cylinder ~ 150 m long in which most of the energy is produced. In this
design the blanket structure is HT-9 and the breeding material is
Li1yPbg3. The breeding material is fed at 330°C through a supply header,
is distributed axially in the upper manifold, then flows through tubular
and rectangular section beams to the lower manifold, finally exiting at
500°C through a discharge header. The blanket is divided axially into
modules which have individual supply and discharge headers. A gap is
provided between the blanket modules and the reflector to allow axial
translation of the modules within the central cell. There are no seals
between adjacent blanket modules, instead a vacuum barrier is provided at
the reflector boundary along the whole central cell. The modules are
supported on rails attached to the reflector with the load path going
through the shield to the floor supports.

The motion of a liquid metal perpendicular to a strong magnetic field is
characterized by laminar flow with a constant velocity profile and a very
thin boundary layer. Heat transfer in such a system is dominated by
conduction. The temperature distribution in the blanket tubes can be
calculated by solving a set of finite difference equations. For this
design, the maximum structural temperature is 550°C.

The MHD pressure drop through each blanket section is the sum of the
Hartman and the end of the loop pressure drops. This pressure drop is
determined to be 1.32 MPa, which corresponds to a pumping power of 40 MW
for the whole central cell, if a 50% efficiency is assumed. The maximum
pressure in the blanket is only 0.9 MPa.

The maintenance philosophy is to achieve a high reactor availability by
minimizing the downtime due to routine blanket changeout. Because
maintenance will be performed remotely, this concept avoids welding or
cutting of headers, reflector or shield segments and requires no axial
translation of central cell coils.

Access to the blanket is provided through twelve so called service
stations as shown in Fig. 2. These stations are equipped with a
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removable supply header, vacuum lid and an upper reflector/shield
segment. Each station is capable of servicing seven blanket modules, the
one Immediately below and three on either side. Once the supply and
discharge headers are disconnected, blanket modules are translated
axially to the service station, then lifted out vertically by an overhead
crane. The axial length of the blanket modules was determined by taking
into account the space between central cell coils and the size and
location of the breeding material headers which -jo through this space.
Advantage is taken of the excellent soldering capability of Lij^Pbg^ to
design truly simple remotely maintainable header connections.

Unexpected maintenance of other central cell components such as the
coils, shield and reflector segments is also addressed.

Figure 1 CENTRAL CELL
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TPE-II SCOPING TEST RESULTS: SOLID BREEDER HEAT TRANSFER AND STABILITY*

A. R. Veca, L. Yang, K. R. Schultz, and C. P. C. Wong
General Atomic Company

P.O. Box 81608, San Diego, California 92138

Program Element II (PE-II) of the First Wall Blanket Shield (FWBS) Program
is directed toward developing a thermomechanical and thermal-hydraulic
engineering data base for blanket and shield components of magnetic fusion
reactors. During Phase 0 of TPE-II, the critical blanket/shield data needs
were identified, simulation techniques were investigated, and a Detailed
Technical Plan written for tests to be done as part of Phase 1. A series
of single effects scoping tests was defined, aimed at investigating the
primary data needs of the blanket and shields. One of the fundamental data
needs is to develop an understanding :>f the thermomechanical behavior of a
solid breeder blanket. A second data need which requires early investiga-
tion is to determine the heat transfer characteristics at the interface
between the solid breeder pellet and the 316SS coolant tubes. This infor-
mation is required in order to assure that the narrow operating temperature
range of 410° to 660°C in the Li20 breeder material is achievable. This
paper reviews the designs of the two scoping experiments which address
these needs and the results from the initial tests.

Heat Transfer Scoping Test

This test investigates the effect of temperature, gap size, and contact
pressure on the thermal conductivity across the gap (gap conductance)
between the Li20 solid breeder material and the 316SS coolant tube. A
resistance to heat flow exists at this interface which arises because of the
imperfections of the mating surfaces causing uneven contact. This "gap con-
ductance" is dependent upon gap/pressure between solid materials, surface
finish of the materials, contact temperature, and composition of the gas
at the interface.

The general arrangement drawing of the heat transfer scoping test is shown
in Figure 1. The drawing is a schematic of the major components and their
relative position with respect to each other. This drawing also shows the
locations of the various instrumentation used to monitor the test
variables.

Two types of tests were run for the initial testing phase. The first
consisted of the condition where various sized gaps exist between the
breeder material and the stainless steel and the second is the condition
where known contact pressures exist between the breeder and the stainless
steel. Correlations were developed based on the temperature readings taken
during the tests and are reviewed in this paper.

*Work supported by U.S. Department of Energy, Office of Fusion Energy under
subcontract 31-109-38-6430 from Argonne National Laboratory.
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Purge Flow Scoping Test

A series of three 1000 hr tests are to be perforned at different tempera-
tures to investigate the effect on the physical characteristics of U.2O
breeder pellets of time at temperature in a simulation fusion reactor blan-
ket environment with a helium purge flow. The effects of concern are sin-
tering, thermomechanical racheting or cracking, vapor phase transport in the
purge flow stream, and interaction between the Li20 and its container.

The general arrangement drawing of the Purge Flow Scoping Test is shown in
Figure 2. The initial test consisted of a 1000 hr test on Li20 pellets
which were pressed and sintered to a theoretical density of 75 ± 1%. The
test temperature was 800°C. Ten thermal cycles from 800°C to room tem-
perature were performed at various times during the test duration.

After the completion of the test, the H2O pellets were examined for
physical integrity and cracks and weighed to determine the loss of materials
due to the flow of the purge gas. The microstructures of two pellets were
examined for any cracks and changes in grain size and pore distribution due
to material transport. The stainless steel containment was examined for any
reaction with L^O in the hot zone and any condensation of materials in the
cold zone. Details are reported in the paper.

r«i wt*m**m

296



FWBS PROGRAM ELEMENT II: BLANKET AND SHIELD TESTING*

X.R. Schultz and A.R. Veca, General Atomic Conpany, San Diego, CA
G.A. Dels and P.Y.S. Hsu, EG&G, Idaho,, Idaho Falls, ID

R.E. Nygren and H. Hernan, Argonne National Laboratory, Argonne, IL

The First Wall/Blanket/Shield (FWBS) Engineering Technology Prograa, led by
Argonne National Laboratory, has the goal to provide the engineering develop-
ment and component testing required to design and construct functional, reli-
able, maintainable, and environmentally acceptable FW3S systems for magnetic
fusion reactors. Program Element II (PE-II) of this program is to develop the
thermal-hydraulic and thenaomechanical engineering data base for blanket and
shield components. During Phase 0 of PE-II, the critical blanket/shield data
needs were identified, alternate techniques to simulate fusion neutron bulk
heating were evaluated, and a detailed technical plan was developed for tests
that are now being carried out as part of PE-II Phase 1.

The data needs assessment was performed to determine the critical data needed
to proceed with concept feasibility assessment, concept selection and design
of fusion reactor blankets and shields** Two broad categories of testing
needs were found, the first concerned with basic concept feasibility evalua-
tion that must be investigated as early as possible to allow decisions and
selections to be made, the second concerned with design verification. The
data needs of solid breeder blankets were identified as the most critical to
concept evaluation and were prioritized for early investigation:

Solid Breeder Blanket Prioritized Data Needs

Thermal-Hydraulic Data:
• Thermal contact resistance
• Heat transfer behavior changes with -Ime and temperature
• Effective thermal conductivity
• Purge flow characteristics

Thermomechanical Data:
• Thermal stresses
• Thermal sintering, creep, ratcheting

An evaluation and comparison of alternative techniques to simulate fusion
neutron bulk heating effects was carried out.2 Included in this evaluation
were discrete source heating, direct resistance heating, induction heating,
microwave heating, and nuclear heating. It was found that the material elec-
trical and thermal conductivities are most significant In determining which
non-nuclear simulation can be useful in a given saterial. For non-nuclear
thermal-hydraulic tests, dlscrete-aource electrical resistance heating was
found to be the most effective. For non-nuclear thermomechanical tests,
direct resistance heating Is the first choice for conductive materials,
microwave heating for nonconductive materials, and discrete source heating

*Work supported by the U.S. Department of Energy under subcontract from
Argonne National Laboratory.
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for testa containing both materials. Non-nuclear simulation techniques were
found to have significant limitations in simulation of fusion neutron bulk
heating. Fission nuclear testing can effectively sinulate fusion heating and
is recommended for inclusion in the blanket/shield testing plans.

A detailed technical plan was developed to guide the PE-IZ testing program.3
The initial focus is on the critical engineering feasibility issues of solid
breeder blankets. Three experiments are currently in progress, two single
effect scoping tests* to determine the heat transfer characteristics and ther-
momechanical stability of the solid breeder bed and an integral test5 to simu-
late all the non-nuclear aspects of the blanket. The heat transfer character-
istic test is investigating the effects of gaps and/or contact at the
breeder/coolant tube interface. The breeder bed stability test has been
designed to investigate the effect of tiae at temperature in a purge flow
environment upon the solid breeder. The objective of the integral simulation
test is to investigate the combined thenaal-hydraulic and theraomechanical
characteristics of the solid breeder blanket. These tests will allow assess-
ment of the engineering feasibility of the non-nuclear aspects of solid
breeder blankets. Future PE-II testing will investigate alternate solid
breeder blanket materials and configurations and flow testing will also be
Initiated. The non-nuclear integral tests could lead to fission reactor in-
pile nuclear testing of similar configurations, allowing very realistic simu-
lation of fusion neutron bulk heating and evaluation of the effects of
critical nuclear phenomena.

Tie critical thermal-hydraulic Issues of using liquid metal blanket
concepts in a magnetic field will also be evaluated in the future, including
turbulence suppression heat transfer effects and the thermal hydraulic effects
of flow of liquid metals through realistic fusion blanket geometries in a
magnetic field."

In conclusion, a program is now under way to provide the data base for the
design, evaluation, selection and qualification of blanket and shield systems
for fusion reactors. PE-II will allow near-term progress to be made on the
engineering design of fusion blankets and shield and assist in the focusing of
resources on the most promising approaches.
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1. Veca, A. R., E. Hoffmann and C. P. C. Hong, "TPE-II Data Needs

Assessment Report," General Atomic Company Report GA-A16693, April
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2. Deis, G. A., et al., "Evaluation of Alternative Methods of Simulating
Asymmetric Bulk Heating in Fusion Reactor Blanket/Shield Components,"
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3. Veca, A. R., et. al., and G. A. Deis, et al., "Detailed Technical Plan
for Phase I of TPE-II," Joint General Atomic Co. and EG&G, Idaho Report
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4. Veca, A. R., et al., "PE-II Scoping Test Results: Solid Breeder Heat
Transfer and Stability," this conference.

5. Deis, G. A., "Pretest Analysis of the Solid Breeder Integral Simulation
Test for PE-II," this conference.
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LIMITS ON TRANSIENT POWER VARIATIONS DURING STARTUP AND SHUTDOWN OF Li-Pb
COOLED TMR BLANKETS, N. Ghoniem, K. Taghavi-Tafreshi, .1. Blanchard, and S.
flrotz, Fusion Physics and Engineering Program, School of Engineering and
Applied Science, University of California at Los Angeles. The design and
safe operation of power plants are well recognized to be affected by start-
up and shutdown considerations. In a fusion power plant, one of the most
sensitive components during transient power variation is its blanket. The
purpose of this work is to establish the limits on transient power changes

. for the safe operation of Li-Pb cooled TMR blanket modules. In particular,
our analysis considers the MARS Li-Pb cooled power blanket described in
detail elsewhere [1], The blanket modules are constituted of banks of thin
toroidal tubes encircling the plasma and made of HT-9, a martensitic steel
alloy.

Our study considers the following conditions:

(a) Thermal shock analysis of tube material upon flooding with hot
LiPb in an initial startup;

(b) Determination of the conditions leading to freezing or blockage
of tubes during initial flooding;

(c) Establishment of pre-heating requirements for Li-Pb cooled blan-
kets.

The largest thermal shock is predicted to occur at the tub*, entrance where
an initially cold tube will be suddently exposed to hot coolant from in-
side. Transient temperature distributions throuah the tube wall are ob-
tained analytically by solving the time-dependent heat equation. The cal-
culations are applied to a wide range of conditions for different tube
thicknesses and other alloy systems. The thermal stress history of the
pipe wall is subsequently determined with the use of plate theory. The in-
stantaneous additional axial and hoop stresses are given by:

o (x) = a (x) = _§*!_ (T-T(x)]
Z y (

1 h

T = I / T(x)dx
h o

where, T = temperature difference from zero stress condition
h = pipe thickness

Fin. (D shows the results of sample calculations for HT-9, where the
thermal stress is plotted as a function of time for various tube thickness-
es. It is shown that on the coolant side of the tube, the compressive
stress exceeds the yield strength of the material. This leads to plastic
deformation and strain ratcheting over several cycles. Fatigue failure is
predicted for the severe conditions investigated in this example. Another
possible failure mode is the propagation of small cracks through the wail.
If the crack propagation is faster than the rate of stress relaxation, the
structure is likely to fail. Crack growth rates are determined for the
following parameter variations:
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1. Different tube thicknesses;
2. Different pre-heating conditions;
3. As a function of irradiation time, for changing material proper-

ties.

Calculations are performed for the determination of possible hot Li-Pb
freezing upon initial flooding of HT-9 tubes of lower temperature. For the
extreme conditions of cold module tubes (room temperature), a hot Li-Pb
coolarit is predicted to partially freeze. Following Ozisk and Hulligan's
work [2], where the inner wall temperature is assumed to be constant, the
following preliminary conclusions are determined:

i) At x = 15 cm along the tube, the steady-state blockage is 30%
after a time period of 10-60 seconds;

ii) At x - 280 cm along the tube (tube exit), the steady-state block-
age is 80% after a time period of 60-300 seconds.

The calculations of initial flooding of cold HT-9 tubes indicate that two
problems may arise: (1) structural failure due to thermal shock; (2) pos-
sible freezing of the Li-Pb coolant. These conclusions emphasize the nec-
essity of blanket preheating. In this respect, two preheating methods are
considered:

(1) Resistive or inductive electrical preheating;
(2) Hot helium qas preheating.

The study will demonstrate the limits on tube preheating with the two
methods. Finally, recommended rates of power variations will be establish-
ed for the MARS power blanket modules.

STRESS IN A PIPE WALL AFTER A STEP CHANQE

IN THE TEMPERATURE OF ONE SURFACE

->80

•Work supported by USDOE.
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EMERGENCY COOLING OF THE MARS LiPb BLANKET

D.K. Sze
A. White

University of Wisconsin
Nuclear Engineering Department
Madison, Wisconsin 53706

The thermal response and cooling requirement of the MARS LiPb blanket due
to the afterheat, loss of coolant and loss of flow are reported here.
Ths affects of the accident, if proper cooling is not available, is also
discussed. The most critical accident may occur is the loss of coolant
while the plasma is still on. The first wall will suffer permanent
damage in ten seconds, and it will melt in ~ 35 seconds.

The afterheat is calculated by ANISN and DKR codes. A forward 25 neutron
21 gamma group ANISN run was done in order to obtain the steady state
flux throughout the blanket and shield region. This output was then fed
into the DKR program. This produced a delayed gamma source spectrum and
also gave the total beta heat produced in each zone. The gamma source
was then fed back into the ANISN program and a forward 21 group gamma
transport problem was run. In this calculation, activation cross
sections were used to determine the heat deposition in each region, and
in each material. This calculation was performed for each after shutdown
time and was performed for both the case of the LiPb remaining in the
reactor and the case of LiPb drained from the blanket. In all, a total
of JL2_ ANISN runs were made. Finally, the beta heat from the DKR and the
gamma heat from ANISN were summed up to give the total afterheat in each
zone. The results of these calculations are given in
Fig. 1.

It should be noticed the very high afterheat in the reflector at
shutdown. This is due to the 56Mn in Fe-1422. The half life of 56Mn is
2.6 hrs and, therefore, the afterheat of the reflector decays rapidly in
the first day. After one day, the reflector can be used as the heat sink
for radiation cooling of the blanket. The blanket needs active cooling
for the first day. It can be cooled effectively after that and maximum
temperatures due to afterheat may reach 390°C.

The temperature responses of the first wall due to loss of flow and loss
of coolant accident are calculated and shown in Fig. 2. The rate of the
first wall temperature rises are very similar in the two cases. The
reason for this unexpected result is due to the much higher volumetric
heat capacity for steel Cp =3.6 J/cm -^C) than for the
Lil7Pb83 (pc * 1*5 J/cm -^8). Therefore, in the loss of flow accident
case, the temperature rise of the kijjPbgj * s actually faster than the
structural although the volumetric heating rate is less. The coolant
will heat up the first wall and, consequently, the first wall is heated
up faster than the loss of coolant accident case. As time reaches ~ 20
seconds, the Lij^Pbgo further away from the first wall and, consequently,
with a much lower volumetric heating, start to cool the first wall by
conduction. This explains the cross over point of the two temperature
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response curves.

If loss of flow or loss of coolant occurs, the blanket will suffer
permanent damage if the plasma is on for ten seconds. If the plasma is
not stopped in ~ 35 seconds, the first wall will melt.

In a liquid metal flow system, a surge tank is always provided to
maintain a free surface. The Li,yPbgo in the surge tank can be used as
the emergency coolant by using gravitational force to pump. A coolant
velocity of 7 cm/sec can be reached by using the gravitational head. The
temperature response of the first wall is shown in Fig. 3 and will reach
a maximum of 800°C in ~ 30 sec. The coolant flow rate required is 5
m /sec for the entire reactor. The total emergency cooling time provided
has to be optimized between surge tank cost and accident detection time.
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THERMOMECHANICAL TESTING OF FIRST WALL TEST PIECES IN ESURF

J. R. Easoz, J. W. H. Chi, R. Bajaj, M. D. Nahemow, and R. E. Gold
Westinghouse Electric Corporation
Madison, Fennsulvania 15663

This paper reports work performed under Test Program Element I (TPE-I) of
the First Wall/Blanket/Shield Engineering Technology Program (FW/B/S ETP).*
The principal objective of the engineering testing of first vail design
concepts is to support the design of generic fusion reactor first vails and
the verification of analytical techniques and design tools. Westinghouse
has designed and built two test facilities for use in TPE-I: the Electron
Beam SURface Heating Facility (ESURF) and the Large Area SURface Heating
Facility (ASURF). This paper describes the vork performed to date In the
ESUKF, while a companion paper describes ASURF and the ASURF test program.

ESURF consists of a point source, 50 kW electron beam (mounted on top of a
vacuum chamber) and a 1000 psia vater loop for active cooling of test
pieces. Long pulse ''steady state" surface heat loads are simulated by
rastering the beam in two dimensions, while disruption heat loads are simu-
lated by imposing a defocused, stationary beam for a fixed length of time
on the target area. Initial test pieces consist of stainless steel (type
316) tubes and stainless steel (type 316) flat plate panels. Preliminary
tests have included steady state heating cycles (up to 500), disruption
heat load simulations and combined disruption and steady state heat loads
with low numbers of cycles. The purpose of these tests is to study the
effect of disruption heat loads on surface melting and crack formation, and
the effect of thermal stresses on crack formation/propagation.

Surface melt phenomena were studied by SEM and metallographic evaluations
of transverse sections of the resolidified material. The preliminary test
results showed that the molten material tends to buildup above the orig-
inal surface (reinforcement). At a high steady state heat load of 1 MW/m^,
large cracks were found in the resolidified material. Cracks covering one
to two grain boundaries were also found in the substrate below the melt-
solid interface. With 500 steady state cycles and no disruption simu-
lations, photomicrographs showed precipitation near the surface where the
temperature is the highest. Analyses of the fracture mechanics show that
under the same test conditions, cracks caused by disruptions may propagate
in relatively low numbers of thermal cycles.

Comparison of the depth of melt penetrations measured with those predicted
by a computer analysis shoved reasonably good agreement for the limited
data obtained to date. The melt phenomena observed are similar to those
found in electron beam welding. The basic difference is the much higher
thermal stresses encountered in these tests as a result of active cooling
of the test piece. Thus surface melting as a result of disruption heat
loads can introduce surface cracks as the melt resolidifir .. The degree of
propagation of such cracks by a large number of cycles needs to be tested
to confirm the analytical predictions.

*This program is sponsored by the Department of Energy, Office of Fusion
Energy under Contract 31-109-6427. The program is managed by the Manage-
ment Technical Coordinating Center - Argonne National Laboratory.
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LARGE AREA SURFACE HEATING FACILITY (ASURF)
AND TEST PROGRAM FOR FIRST WALL DESIGN CONCEPTS

H. D. Michael, J. Lempert, J. W. H. Chi, and R. P. Rose
Westinghouse Electric Corporation

Advanced Reactors Division
Madison, Pennsylvania 15663

The Large Area Surface Heating Facility (ASURF) is one of two test facil-
ities at the Westinghouse Electric Corporation dedicated to Test Program
Element I (TPE-I) of the First Wall/Blanket/Shield Engineering Technology
Program (FW/B/S ETPf. This paper describes ASURF, its capabilities and
the near-term test program.

ASURF is located at the Waltz Mill test site of the Westinghouse Electric
Corporation. It consists of a vacuum chamber (1.83 m in diameter and 2.44 m
in length) and a low voltage (16 kV), 100 kW distributed electron beam
(linear gun) heat source system. It is planned to upgrade the heat source
to 400 kW and then to 1 MW. The facility incorporates an existing high
pressure water loop (2200 psia and 300°C max) and a cooling tower that is
capable of rejecting 2 MW of heat. The vacuum system, consisting of a
Varian 18 inch vacuum pusro with a two-stage forepump, is capable of
achieving and maintaining an internal vacuum pressure less than 10~5 torr.
The present ASURF capabilities and planned upgrades are shown in the table
below.

Specifications for ASURF and ASURF Upgrades

Total Heat Source Power
Capability

Steady State Heat Flux, 0.2-1.0
MW/m2

Test Piece Target Area

Disruption Target Area,
cm2

Coolant Flowrate 30 gpm 60 gpm 60 gpm

The low voltage e-beam has a number of advantages including high cathode
life. This and the corresponding high availability of the facility pro-
vides the important capability for high cycle (>103 cycles) thermal fatigue
tests. Both the test pieces and the linear e-beam gun will be mounted
vertically. This target orientation permits the testing of orientation-
sensitive first wall design issues such as the effect of dead weight
stresses on large first wall panels and their attachments.

ASURF
100 kW

0.2-1.0

1000 cm2

10

Facility
ASURF-1
400 kW

0.2-1.0

4000 cm2

10 or 100

ASURF-2
1 MW

0.2-1.

lm2

10 or

.0

100

*This program is sponsored by the Department of Energy, Office of Fusion
Energy under Contract 31-109-6427. The program is managed by the Manage-
ment Technical Coordinating Center - Argonne National Laboratory.
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The line source consists of a tungsten filament mounted between two
parallel electrode structures. The cup-shaped cathode produces a con-
verging electric field which reduces the width of the rectangular-shaped
bean as it leaves the cathode and is accelerated through a slit in the
accelerating anode. After the beam traverses the anode slit, it is de-
flected periodically to increase the effective width of the target area
and the uniformity of the power deposited. Because of the relatively
long time between plasma disruption events and the high energy densities
desired, a condenser discharge is being designed to simulate disruption
heat loads.

Near-term test plans include the testing of a stainless steel, 3-tube
panel, a stainless steel flat plate panel, and a graphite armor tile.
The purpose of these tests is to study the effects of a large number of
long pulse ("steady state") thermal cycles on crack propagation and
thermal fatigue. Future plans include boiling and burnout studies for
asymmetrically heated first wall coolant channels under high temperatures
and high pressures.
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PRE-T-EST ANALYSIS OF THE SOLID BREEDER INTEGRAL SIMULATION TEST FOR PE-II*

G. A. Deis
EG&G Idaho, Inc.

Introduction

Program Element-II (PE-II) of the Office of Fusion Energy/Argonne National
Laboratory First Wall/Blanket/Shield Engineering Technology Program addresses
thermal-hydraulic and thermomechanical testing of blanket/shield assemblies.
The PE-II Solid Breeder Integral Simulation Test is an experiment to be conducted
during 1983 to examine the thermal-hydraulic/thermomechanical operational
characteristics of a water-cooled solid breeder blanket concept. This paper
presents results of the pre-test analyses performed to develop the test piece
design and predict the operational characteristics of this experiment.

Summary

The Solid Breeder Concept Integral Simulation Test is the third experiment to
be undertaken in PS-II.1 Two previous scoping tests have examined gap conductance
from breeder material to coolant tube, and the stability of the breeder material
under long-term high temperature operation.^ The Integral Test will employ a
test piece and operating conditions prototypical of an actual water-cooled
solid breeder blanket concept, such as STARFIRE or STARFIRE/DEMO. Specifically,
the test piece consists of a central water-cooling tube surrounded by an
annulus of Li20. This test piece is subjected to an external heat flux which
should produce temperature profiles in the breeder material similar to those
in an actual bulk-heated blanket.

The current test piece design features a 1.27 cm OD cooling tube, surrounded
by an annulus of Li20 1.46 cm ID and 8.92 cm OD, all enclosed in a stainless
steel outer containment of 9.0 cm ID. Small holes (2 mm diameter) through the
breeder material accommodate a purge flow of helium, to simulate that in an
actual blanket. Arrays of thermocouples embedded in the breeder material and
attached to structural parts will allow determination of actual temperature
profiles in the test piece. The current design was developed such that breeder
temperatures of 410 C at the inner diameter and 670 C at the outer diameter
are produced for a surface heat flux of 33.1 watts per centimeter of axial
length. This test piece is similar in size to a unit cell near the rear of a
typical water-cooled Li20 blanket.

The steady-state temperature profile anticipated in the breeder material in
the test piece is shown in Figure 1, along with the profile expected in a
similar breeder annulus (operating between the same temperature limits) with
bulk heating. This similarity in temperature profiles leads to good agreement
in thermal stress profiles as well. Figure 2 shows the comparison in radial
and tangential stress between the test piece and a similar bulk-heated breeder
annulus operating between the same temperature limits. It can be seen that
the steady-state peak stresses in the test piece are within about 10 percent
of those in the bulk heated piece. The high tangential stress at the inner
radius can be substantially reduced by a single cut through the pellet wall
thickness. Transient analyses have also been performed, and these show good
agreement between the response of the surface-heated test piece and an actual
bulk-heated piece.

Work supported by the U.S. Department of Energy Assistant Secretary for
Research, Office of Fusion Energy, under DOE Contract No. DE-AC07-76IDO157O.
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For this pre-test analysis, we feel confident chat the TPE-II Solid Breeder
Integral Simulation Test will provide a good simulation of the thermal-hydraulic/
thermomechanical conditions in an actual water-cooled solid breeder blanket
and will therefore produce meaningful results of importance to many areas of
blanket technology.

References

1. K. R. Schultz, et al., Program Element II: Blanket and Shield Testing,
this conference.

2. A. R. Veca, et al., PE-II Scoping Test Results: Solid Breeder Heat
Transfer and Stability, this conference.
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FUSION REACTOR BLANKET
NEUTRONIC STUDIES IN FRANCE

by F. Barre, F. Gervaise and L. Giancarli

Centre d'Etudes Nucleaires de Saclay
Service d1Etudes de Reacteurs et de Mathematiques Appliquees

91191 GIF-sur-YVETTE CEDEX

The use of the fusion energy DT requires
- recovering and output ing the heat
- producing at least as much tritium as the fusion burns

This is accomplished in a lithium containing blanket that circumscribes the
plasma.

Fusion Reactor Blanket studies are performed in CEA for a Tokamak geometry
and electrical power of 1200 MW.
If the Blanket recovers all the plasma-neutrons, the Tritium Breeding Ratio
(TBR) must exceed one because

- radioactive decay during the period between production and use
- inventory for start-up of other fusion reactor (doubling time)
- loss of coverage

In fact TBR must be at least equal to 1.3 to 1.4.

Such a TBR can be got by the reactions
T7 Li7 (n, n

1 a) T (TBR7)
T 6 Li 6 (n, a) T (TBR6)

Then we need the multiplying neutrons reactions N2N. In a first step we have
selectionned various materials with regard to the neutronic cross sections.
The calculations are performed in slab geometry.

- calculations of TBR6 and TBR7
- multipliers study
- competition between TBR7 and N2N

In all these cases, we injected one 14 MeV-Neutron on a first wall, 1.5 cm
thick, followed by the material wich we want study.

- Multipliers study
' . Zrc Pbo T B R6 m a x = I'-*? f° r 10 cm
. Zr = 1.27 10 cm
. Pb 0 =1.36 14 cm
. Pb =1.7 10 cm

In a compound Li/Pb, TBR is equal to 1.7 for Li < 75 % at. Afterwards it
decreases to 0 (TBR = 1.48 in Li 17 Pb83).

The study of the beryllium is more difficult because it is a very good
multiplier but the neutrons are immediately captured. With 4 cm Be before
L12O, TBR increases from 1.41 to 1.59

- Tritium Breeding
With a 140 cm Thickness of liquid lithium,TBR is equal to 1.7. The enrich-
ment of the lithium reduces only the captures in the structures materials.
In the LiPb the enrichment permits to reduce the Blanket thickness (e =
116 cm with Li nat, e = 92 cm with Li enrich. 33 %
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A multiplier is necessary with che following materials
Li2O A12O3
Li20 SiO2

LiAl (50 %
Li2 TiO3

Li2 ZrO3

Li4 SiO4
LiAl5Og
Li5 AIO4

TBR

- 50%)

= C.93 without Pb
0.97
0.87
1.04
1.08
1.1
0.77
1.19

TBR = 1.39 with 10 cm Pb
1.42
1,36
1.38

1.49
1.27
1.43

- Influence of the coolant in the first wall
The water slow downs the neutrons below the threshold of the reactions T7
and N2N.
2 cm H20 decreases TBR about 4 % before Li and 24 Z before L i ^ Pb83
2 cm D20 decreases TBR about 2 % before Li and 9 Z before Li 1 7 Pb83

- Codes - Cross Sections - Sensitivity - Covariance Matrix
All these calculations are performed with the codes ANISN and DOT. The Nu-
clear Data come from ENDFB4 : VITAMINC for the transport and MACKLIB IV
for the dosimetry.
The sensitivity profiles are performed by the code SWANLAKE.

. REACTION T7 : if T7 reaction rate was reduced 15 %
dTBR/TBR = - 2.5 Z in lithium
dTBR/TBR = - 0.5 Z in LiPb

. REACTION N2N of the lead : with more recent measurements of cross-
section than ENDFB4 we obtain in Li|7Pbg3
- with nat. Lead dTBR/TBR = - 5 Z

Pb 206 - 8 Z
Pb 207 - 3.6 Z
Pb 208 - 4 Z

Covariance Matrix is performed from these measurements

In a second step we have studied some models where materials, coolant and
structures are realistic.
Heating sources, damages, gas production are calculated for a 14 MeV neutron
flux 101* n/cm2.s on the first wall.

Liquid blanket studies are performed with poloidal coolant for liquid lithium,
He cooled (TBR = 1.3) and Lij7Pb83 water cooled (TBR = 1.4).

It is very difficult to get TBR equal to 1.25 in a power reactor with 10 cm
of lead as multiplier in front of a solid blanket.
On the other hand, solid blanket with about 80 Z beryllium as multiplier
with toroidal cooling by heavy water give good results :

. LiAl with 2.56 % Li enriched TBR =1.4 but problem of burn-up

. LiA102 TBR = 1.5

. Li20 TBR > 1.5
Some 2-dimensional calculations permits to think that all these TBR will be
smaller but still reasonrble with T-dimensional calculations.

Conclusion : At the prese it time the main results appear to be the following:
- with liquid breeders (Lii7Pb83, Li) a reasonable value of the TBR can be
reached between 1.3 and 1.4 .

- with solid breeders the beryllium seems to be the best multiplying mate-
rial, leading to a TBR between 1.4 and 1.5 .
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NUCLEONICS OF A Be-Li-Th BLANKET FOR THE FUSION BREEDER*

J. D. Lee
Lawrence Livermore National Laboratory, University of California

Livermore, California 94550

SUMMARY

A blanket composed of Be pebbles (̂ 50 v/o) for neutron multiplication,
Li 0v40 v/o) for T breeding and cooling, Th (%3 v/o) for U233
breeding, plus steel structure is a candidate for a fission-suppressed
blanket for the Fusion Breeder.

This paper deals with the nuclear design and analysis of this conceptual
blanket. Mechanical and other aspects of this blanket design are treated
in companion papers.

Tritium and U233 breeding, energy multiplication, power density, fissile
buildup, and criticality are nuclear parameters important in the design
and evaluation of blankets for fusion breeders. The basic nuclear
objective of a fission-suppressed blanket is to maximize fissile breeding
while breaking even in tritium (T ̂  1.0) and suppressing fission of
both the fertile and bred fissile materials. In addition to the nuclear
objectives, blanket structure, heat transfer, and fuel handling
requirements must be met. Thus an interactive and iterative design
process is used.

If nuclear performance was the only requirement, the blanket would
consist of beryllium (Be) plus a few atom percent Li6 and Th, and its
breeding ratio (T + F) would be about 2.7.(D Thus the potential
nuclear performance of the be blanket is high. To estimate how much of
this potential performance can be achieved when structure, heat transfer,
and other blanket engineering requirements are met, the blanket nuclear
performance must be analyzed with appropriate models and methods.

The principal method used for nuclear analysis of the blanket is TARTNP,
a coupled neutron-photon, 3-D Monte Carlo transport code, and 175 group
constants generated from ENDL, the Livermore evaluated nuclear data
library.(2»3>

Four types of geometric models were developed and employed to predict the
blanket's nuclear performance. The first is a radial-zoned cylinder, the
second a radial- and axial-zoned cylinder, the third a radial-zoned

*Work was performed under the auspices of the U.S. Department of Energy
by the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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spherical unit cell, and the fourth a cylindrical segment containing unit
fuel cells imbedded within homogenized fuel zones. These models evolved
during the course of the study as the mechanical design and understanding
of the nucleonics evolved.

The first model is used to predict the integral performance of the
blanket. The additional models were developed to examine effects the
basic model did not address. Results generated using these additional
models were used to modify results from the basic model to arrive at a
more accurate estimate of performance.

Performance parameters predicted for this blanket are:

• Net breeding rafio (tritium + U233) = 1.68.

• U233 net production rate = 8035 kg/year (from 3000 MW fusion).

• Blanket energy multiplication:
• 1.30 (3 0 a/o U233,
• 2.00 @ 0.25 a/o V233,
• Where a/o U233 is the atomic percent U233 in thorium.

These performance parameters are subject to some change as more rigorous
analysis is done. Improvement is especially needed in calculating U233
fission versus U233 content by simultaneously treating the finite and
heterogeneous aspects of the blanicet.
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AQUEOUS SLURRIES AS TRITIUM
BREEDING BLANKETS FOR D-T FUSION

REACTORS

T. A. Parish, R. D. Erwin, and M. J. Schuller
Nuclear Engineering Department

Texas A4M University
College Station, Texas

A preliminary study has been conducted to investigate the usefulness of
aqueous slurries as blankets for D-T fusion reactors. Tritium breeding
is accomplished by incorporating lithium in the solid component of the
slurry; the lithium might be in the form of relatively insoluble
compounds (for example, LiF or Li'2CO3) or glass beads. A detailed
evaluation has been conducted on blankets that employed either light or
heavy water as the liquid component and LiF as the lithium containing
solid component. Aqueous slurry blankets are potentially attractive
since 1) water is inert and could offer safety advantages relative to
other circulating blanket concepts, 2) the concept is flexible and it
could be applied to D-T reactors and D-T or D-D fusion-fission reactors
by including ThO2 in the solid component, 3) the blanket 1s liquid, hence
radiation damage is not a concern, and 4) a module based on this concept
might be tested with relative ease on experimental fusion devices.

The neutronic feasibility of the aqueous slurry concept was investigated
using the XSDRNPM code and the VITAMIN-C cross section libraryl. The
calcuiational model *of the blanket is depicted in Figure 1; the slurry
was assumed to consist of LiF in either light or heavy water. Struc-
tural material was included in the blanket model and it was taken to be
either zircaloy or stainless steel. The LiF concentration in the slurry
was varied to determine its affect on the tritium breeding ratio.

The LiF in the slurry was assumed to be in the form of microspheres. The
range of the tritons, formed as a result of Li6 (n, « ) reactions, is 40
microns in LiF. Using this range, a computer program has been developed
to determine the amount of tritium that would escape from the LiF micro-
spheres as a result of recoil. The program can also compute the neutron
flux and tritium (after recoil) profiles inside the nticrosphere. These
calculations indicated that about 95% of the tritium formed would be
retained if the microspheres have diameters greater than approximately
1000 microns. The tritium which does not escape should be largely
retained in the LiF if the microspheres are maintained at low temperature
(<250°C)2. Tritium can be recovered from the L1F by heating it (in a
processing facility outside of the blanket) to a temperature near its
melting point (870°C).

The optimum LiF concentrations for the heavy water slurries were det-
ermined to be 25 g/liter if zircaloy walls and structure were used and
250 g/liter if stainless steel walls and structure were used. For these
blankets, the tritium breeding ratios (based on tritium bred and retained
in the 1000 micron diameter microspheres) were 1.07 and 1.04,
respectively. When light water was employed as the liquid component of
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the slurry, the breeding ratios (for tritium produced and retained) were
less than 1.0 for either structural metal, even for L1F concentrations up
to 500 g/liter of slurry (this concentration corresponds to a solid
component volume fraction of approximately 18% In the slurry).

To be useful In an aqueous slurry blanket, -the 11th1um-conta1n1ng solid
component should be Insoluble, retain tritium, be stable during
Irradiation and create no long-lived activation products. L1F
microspheres are promising and the particle diameter should be chosen to
maximize tritium production and retention while balancing the
difficulties associated with circulating large size spheres. Coating of
the lithium containing microspheres could significantly reduce the
required particle size. Irradiation experiments are planned to test the
tritium retention properties of L1F microspheres.
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A BENCHMARK EXPERIMENT ON TRITIUM PRODUCTION AND
RADIATION HEATING IN THE LIF ASSEMBLY

T. Iguchi, M- Nakazava* and A. Sekiguchi

Department of Nuclear Engineering, University of Tokyo
Hongo 7-3-1, 3unkyo-ku, Tokyo, Japan

*Nucloar Engineering Research Labolatory, University of Tokyo
Tokai-mura, Ibaraki-kea, Japan

In the blanket design of a D-T fusion reactor, the estimation of the
tritium breeding and the energy multiplication is an important step having
a great influence on the overall design and cost. It is expected, therefore,
to have experimental verification of the accuracies of these two design
parameters obtained from the radiation transport code system in a current
design use. For this verification, direct and indirect measurements of
tritium production rate and radiation heating rate in the Lithium Fluoride
(LiF) have been made as one of the integral benchmark experiments.

Fig. 1 shows the present experimental procedure to estimate tritium produc-
tion rate and radiation heating rate in the LiF assembly. The assembly used
in the experiment is a slab of 50 cm X 50 cm X IT cm thickness, density of
2-55 g/cm3 and natural isotopic abundance of Lithium. Detectors such as
activation foils have been two dimensionally arranged assuming a cylindri-
cal model and have been irradiated by an ordinary D-T neutron point source
on the central axis of the assembly.

Direct measurement of the tritium production rate distribution have been
made by the standard Dierckx's method using Li2CO3 pellets. Unfolding
technique for multi-activation foils has been applied to obtain the infor-
mation of neutron spectrum and also to indirectly estimate tritium produc-
tion rate and neutron components on radiation heating rate. LiF thermo-
luminescence dosimeters (LiF-TLD) of the same constituents as the assembly
have been used to obtain the total absorbed dose of both neutron and gamma-
ray, and to experimentally determine secondary gamma-ray heating rate by
correction for. neutron heating components estimated using the results of
activation foils.

An analysis of these experimental data has been carried out by using the
two dimensional transport code DOT3-5(+GRTUNCL) that has been often applied
to the current neutronic designs of the fusion reactor blanket. The group-
wised cross section libraries, GICX series, have been used, that was
produced especially for the nuclear designs of the fusion reactor and gener-
ated through the NJOY code system from ENBF/B-IV and POPOP^ data libraries.
Calculated neutron fluxes have been also used as an initial guess flux for
the unfolding code NEUPAC including the uncertainty analysis basing on
ENDF/B-V dosimetry files.

As for the distribution on the central axis, calculated values of tritium
production rate has a tendency to be systematically larger than experimental
values, and also gamma-ray components in calculation of radiation heating
rate has been comparatively overestimated. As for the radial distribution,
a tendency to underestimate higher energy components of the calculated
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neutron flux has been appeared with going to outer radius. The results of
activation foils indicate that calculation has in general overestimated the
lower energy components of the neutron flux. These discrepancies are
considered to be caused by not only uncertainty of nuclear data but also
inadequate treatment of neutron scattering anisotropy in the transport
calculation.

Finally, the significance of the present study is summarized as follows.

1) Benchmark data of tritium production rate and radiation heating rate
have been obtained for the LiF material in a D-T neutron field.

2) Availability of multi-foil unfolding technique estimating various
integral values has been confirmed in the fusion neutronic experiment.

3) The present accuracies and problems of current fusion neutronic designs
have been made clear through an analysis using the two dimensional
transport code system.
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THE DEPENDENCE OF NEUTRON-INDUCED RADIOACTIVITY IN FUSION REACTORS
ON GEOMETRIC DESIGN PARAMETERS

George P. Lasche1 and James A. Blink
Lawrence Livermore National Laboratory

University of California
Livermors, California 94550

SUMMARY

The potential radiological hazard of fusion reactors is an increasingly
important issue in light of recent difficulties with social acceptability
of fission power. Nevertheless, the task of calculating the radioactive
hazard of proposed fusion reactors is usually performed after many of the
final design parameters have been chosen. This is because, in order to
accurately calculate neutron-induced activation of the structural
materials with computer codes, final design details are needed. At early
stages of design it would be useful to understand how, in a general way,
the total plant radioactivity will be affected by geometric design
parameters such as first wall thickness, first wall radius, first wall
shape, source neutron distribution, reactor power level, etc. In
addition, for those reactor designs for which neutron-activation analyses
have not been made, scne method of estimating their radiological hazard £
priori is needed if comparisons to other designs are to be made.

Neutron-induced activation in a fusion reactor is a highly non-linear
problem whose "exact" solution requires th?i use of neutron transport codes
and neutron activation and decay codes. However, based on certain linear
assumptions, a number of simple arguments can be made which identify the
parametric dependence of the radiological quantities in fusion reactors
for various reactor configurations. These arguments lead to useful
scaling rules with which the radioactivity, thermal decay power, or
biological hazard of various proposed fusion reactor designs can be
compared. In addition, they show how the choice of design parameters will
affect final radioactivity before computer calculations can be performed
based on a detailed design.

Because these rules rely heavily on assumptions of linearity and of the
smallness of second-order effects, they must be compared to computational
results before confidence can be placed in them. Therefore, we have
conducted computer experiments to investigate the extent to which the
predictions of these scaling rules are valid. In each experiment, one
parameter was changed while all others were held equal. A Monte-Carlo
neutron transport code was then run in order to determine the neutron flux
spectrum, from which flux-averaged cross sections for neutron activation
were calculated using the ACTL cross section library. Next, a neutron
activation and decay code was run in order to determine the activity
during both an assumed thirty-year lifetime of the reactor and the decay
activity for the first hundred years following decommissioning. Because
general parametric dependencies were to be investigated, the computer
simulations were one-dimensional and, in each case, the first wall
material (a ferritic steel) remained unchanged.

319



The parameters that were varied for comparison of activation and decay
were:

t reactor power level.
• first wall thickness.
• neutron source distribution.
• first wall radius.
• reactor configuration (spherical/cylindrical).

In addition, we have
• compared the total radioactivity of the first wall with that of a

structural wall located behind a lithium blanket.
• investigated the effect of elimination of the first wall (as in the

case of liquid-metal-wall ICF reactors).
• investigated the importance of reflected neutron flux on activity

by comparing total radioactivity of the first wall to a case in which the
lithium blanket is replaced by a perfect absorber.

We have found that the scaling rules are in agreement with the computed
results to within a few percent. In short, we have found that the total
radioactivity in the first wall (hence also thermal decay power and
biological hazard potential)

t scales approximately linearly with first wall thickness.
• is approximately independent of first wall radius.
• scales approximately linearly with total plant power.
0 increases for a more distributed neutron source.
• increases as reactor first wall area/volume ratio increases (as the

configuration departs from the spherical).

Stronger departures from these results occur for late decay times and for
extreme parametric values. We describe these results and their departures
quantitatively and explain them, where applicable, using the same logic
used to develop the scaling rules.

1 Supported as a Fellow of the John and Fannie Hertz Foundation.

Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under contract no. W-7405-ENG-48.
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NEUTRONICS ANALYSIS OF THE MODULAR
STELLARATOR POWER REACTOR UWTOR-M

L.A. El-Guebaly
University of Wisconsin

Nuclear Engineering Department
Madison, Wisconsin 53706

Radiation streaming through penetrations in fusion reactors has significant
impact on important reactor parameters such as tritium breeding ratio (BR) and
energy multiplication (M). The UWTOR-M modular stellarator power reactor
design utilizes large divertor penetrations for impurity control. A vertical
cross section of the reactor is shown in Fig. 1. Neutronics and photonics
analysis for UWTOR-M was carried out to assess radiation streaming effects on
reactor performance. The breeding blanket consists of three segments with
different cross-sectional areas. The radial neutron source density
distribution peaks at the center of the triangular plasma zone. Some of the
source neutrons will stream through the divertor slots which occupy ~ 5% of
the solid angle. A significant number of lower energy secondary neutrons that
have been moderated in the blanket and reflector will also stream through the
slots along with some gamma photons that are produced in neutron
interactions. Therefore, shielding materials are used in the divertor targets
to protect vital components in the toroidal hall and to recover part of the
energy carried by streaming radiation.
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The blanket design is aimed at achieving the largest energy multiplication
with adequate tritium breeding. The Monte Carlo code MCNP with data based on
ENDF/B-V was used to determine the proper blanket design. The effect the Li
enrichment in the Li^Pbg-j breeder has on radiation streaming was
investigated. The streaming of down-scattered neutrons and secondary gamma
rays increases as the enrichment decreases because of the decreased blanket
attenuation. The results show that in the space available for the blanket the
largest M that can be obtained is 1.15. This is achieved by using a Li
enrichment of 35% and structural content of 9 v/o HT-9 in the blanket. The
corresponding BR is 1.08.

Magnet shield optimization was performed using the discrete ordinates code
ONEDANT to design a shield which provides adequate protection for the
superconducting magnet utilizing the limited shielding space available. The
shield consists of water cooled layers of Fe 1422, B^C and lead. Among the
different magnet radiation limits, the 10 rad dose limit in mylar
superinsulator in front of the magnet was found to drive the shield
optimization as other magnet components are further protected by a 25 cm
structural case.

The radiation streaming calculation procedure was divided into two parts by
modelling the geometrical configuration of the reactor in two separate
problems using MCNP. The blanket, reflector, and shield is considered as one
problem and the divertor targets and associated shield as the other. Trapping
surfaces were locatd at the entrance of the three divertor regions where all
particles crossing the surfaces are counted according to angle and energy
bins. This information was then stored to serve as surface source in latter
modelling of the divertor region itself. For each D-T fusion event, the total
neutrons and gamma photons streaming through the divertor slots are 0.214 and
0.024, respectively, carrying a total power of 176 MW which represents 5% of
the neutron fusion power. Fortunately, most of this energy is recovered by
the divertor targets- About 20% of the streaming neutrons are primary
neutrons and they carry 83% of the streaming energy.

The pumpout ports are located appreciably off the direct line of sight of the
flowing particles from the divertor region entrance. This is of importance in
reducing radiaton streaming through ports. The results indicate that
considerable attenuation and spectrum softening result from neutron
interactions with divertor targets. The total power carried by radiation
streaming through all pumpout ports of the reactor is 6 MW representing only
0.18% of the neutron fusion power. Radiation streaming raises the biological
dose level outside the reactor. A 3.1 m thick toroidal tunnel wall made of
reinforced ordinary concrete was found to result in an acceptable lose of 2.35
mrem/h in the toroidal service hall during reactor operation.

In conclusion, despite the large radiation, streaming through the divertor
slots in a stellarator reactor, proper choice of blanket materials and
composition can provide adequate tritium breeding ratio and energy
multiplication. High performance divertor targets can be used to intercept
and recover most of the streaming radiation energy.

This work was funded by the United States Department of Energy.
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NEUTRONICS ANALYSIS FOR THE MARS
LI-PB BLANKET AND SHIELD

J.H. Huang
M.E. Sawan

University of Wisconsin
Department of Nuclear Engineering

Madison, Wisconsin 53706

The MARS (Mirror Advanced Reactor Study) fusion power reactor design employs a
long central cell consisting of a number of blanket modules. Neutronics
analysis has been performed to determine the blanket design which yields the
largest energy multiplication (M) with adequate tritium breeding ratio (T).
This will have an impact on reducing the overall cost of produced
electricity. This analysis is aimed also at designing a shield which provides
adequate radiation protection for the superconducting magnets. The Li-Pb
blanket of MARS uses Lii7pbgo a s t h e breeder and coolant and the ferritic
steel HT-9 for structure. The blanket consists of a front tube zone and a
back zone of rectangular beams which provide the structural support. The
blanket is followed by a water cooled stainless steel reflector. The energy
deposited in the blanket and reflector is recovered and represents the
reactor's thermal power.

The continuous energy Monte Carlo code MCNP was used with cross secton data
based on the ENDF/3-V evaluation to determine the appropriate composition and
thickness of the blanket and reflector. The continuous energy treatment of
MCNP was used to eliminate energy group structure effects. Our results show
that both T and M are sensitive to the group structure in a Li-Pb system-
Furthermore, data based on ENDF/B-IV tend to overestimate T and underestimate
M when compared to ENDF/B-V data. 4,000 histories were used in'the
calculations resulting itv statistical uncertainties less than 1% for the
quantities of interest.

The results show that neutron multiplication through the Pb(n,2n) reaction
saturates to a value of ~ 1.75 at a blanket thickness of ~ 30 cm. This
implies that, from the point of view of neutron multiplication, the lead in
the back region of the blanket is ineffective. Hence, a thin blanket design,
in which the lithium is enriched to 90% Li, was considered and compared to a
thick blanket design in which natural Li is used. A saving of 49 cm
(38.2 versus 87.2 cm) in blanket thickness is achieved for the same T. This
results in reducing the central cell cost because of the associated smaller
magnet size. Furthermore, the blanket has less weight and can be easily
changed out. However, a smaller M is obtained from the thin blanket when HT-9
is used as a reflector. Several attempts have been made to enhance the energy
multiplication while preserving the advantages associated with the thin
blanket design.

Increasing the Li-Pb content in the beam zone of the blanket was found to
increase M. A beam zone consisting of 85 v/o Li^Pbgg and 15 v/o HT-9 has
been chosen. Further enhancement of M can be achieved by appropriate choice
of reflector material. For a thin blanket, a relatively large fraction of
energy is deposited in the reflector and the overall energy multiplication is
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sensitive to the choice of reflector material and thickness. Materials
considered in this analysis include HT-9, 316-SS, graphite and Fe-1422. Fe-
1422 was found to yield the largest M, primarily due to the large gaaaa
production in Mn. Increasing the reflector thickness was found to further
increase M. A schematic of the MARS Li-Pb blanket, shield and magnet is given
in Fig. 1. This blanket design results in a tritiua breeding ratio of 1.13
and an overall energy multiplication of 1.39 which exceeds that obtained in
the thick blanket design.
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Fig. 1 Schematic of Blanket, Shield and Magnet

The shielding requirements for the 8 Tesla central cell superconducting
magnets are determined by a number of radiation limits. The dpa rate in Cu
should not exceed 2.2 x 10 dpa per full power year (FPY). This is based on
20% increase in resistivity and a minimum period of one FPY between magnet
anneals. The peak dose in the polyimide insulator should not exceed
5 x 10' rad after an estimated reactor life of 21 FPY. The limit on the peak
heat-load in the magnet was considered to be 0.06 mW/cm . A water cooled
shield consisting of layers of Fe-1422, B4C and Pb was considered. The shield
consists of four zones as shown in Fig. 1. Al-6061 is used as structural
material in zone D to reduce the activation and yield acceptable biological
doses at the back of the shield after shutdown. For a wall loading of 5
MW/m , this shield configuration was found to satisfy all design criteria.

We conclude that the thin Li-Pb blanket design for MARS results in a larger
energy multiplication, a smaller magnet size and a better overall economic
figure of merit as compared to the thick blanket design. Other attractive
features of this design are the ease of maintenance and the reduced activated
waste. The shield design for MARS provides adequate proteciton for the
magnets and allows for hands-on maintenance at the back of the shield after
shutdown.

Funding for this work was provided by the U.S. Department of Energy.
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CROSS SECTION SENSITIVITY STUDY FOR U.S. FUSION ENGINEERING DEVICE (FED)

S. Pelloni, E.T. Cheng a>
Swiss Federal Institute for Reactor Research (EIR)
a) General Atomic Company (GA)

In the nuclear design of a fusion reactor, it is important that the nucle-
onic parameters be calculated within reasonable accuracy. These parameters
include tritium breeding ratio, blanket energy multiplication, and radia-
tion damage parameters in various reactor components. The most determental
radiation damage parameters are probably those associated with damage to
the toroidal field magnets, namely radiation dose at the insulators and
atomic displacement in the copper stabilizer. Damage to the insulators
cannot be recovered, although damage to the copper stabilizer can partial-
ly be recovered upon annealing. However, nucleonic parameter calculations
are often sensitive to the method employed and to uncertainties in the
nuclear data. In this study we have chosen the U.S. Fusion Engineering De-
vice (FED) in order to investigate the above-mentioned uncertainties. The
FED is primarly aimed at developing experience with the practical problems
of creating and maintaining a burning plasma. The neutronic model of this
device consists of a plasma zone, first wall, blanket/shield zone, and
superconducting magnet. The first wall ov the device which maintains the
vacuum chamber is composed of stainless steel and water. The blanket/shield
zone consists of both water and stainless steel. Neutronics calculations
were performed using the one dimensional discrete-ordinates transport code
ANISN (Ref. 1) with P3S6-approximation. An albedo equal to 0.3 for all
energy groups was used on the external boundary of the system. The nuclear
data used is from the DLC-41 library (Ref. 2) and consists of coupled 25
neutron and 21 gamma ray groups. Atomic displacement rate in the TF coil
copper stabilizer, nuclear heating in the epoxy-based insulation material
and TF coil, and energy multiplication in the inboard and outboard blanket/
shield were estimated. The sensitivity analysis was performed using the
ORNL developed sensitivity code, SWANLAKE (Ref. 3), which is based on the
linear perturbation theory. The direct and adjoint flux distributions re-
quired to perform the sensitivity calculation were computed using ANISN
(Ref. 1). The results show that the above-mentioned important design para-
meters are most sensitive to the iron inelastic cross sections (see Tables
1-3). They are also sensitive to other reactions such as elastic scattering
or (n,2n) reactions, and also to other materials S"jch as chromium and
nickel, but these sensitivities are smaller in magnitude. The uncertain-
ties in the copper atomic displacement in the TF coil and the nuclear
heating in the insulation material and TF coil are found to be + 24%, + 21%
and + 12,5% respectively. If they are to be known within 10%, the iron,
chromium and nickel cross sections in the energy range between 12 and 14
MeV should also be known within + 10%. The uncertainties on these cross
sections are presently + 15% for iron, chromium and nickel. Thus, if the
additional accuracy in magnet dpa and heating is needed for FED, improved
measurements of these cross sections will be needed.
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TABLE 1:

TABLE 2:

TABLE 3:

SENSITIVITIES OF PARTIAL CROSS SECTION UNCERTAINTIES TO COPPER
DPA FOR THE FED (Percent per 1% Cross Section Increase)

Cross Section
Type

(n.n)
(n,n-)
(n.2n)
(n.y)

Iron

-0.956
-2.684
-0.916
-0.011

Nickel

-0.219
-0.479
-0.060

Chromium

-0.300
-0.744
-0.222

l
Hydrogen

-1.311

SENSITIVITIES OF PARTIAL CROSS SECTION UNCERTAINTIES TO TOTAL
NUCLEAR HEATING IN THE INSULATION MATERIAL IN THE INBOARD OF FED
(Percent per 1% Cross Section Increase)

Cross Section
Type

(n.n)
(n.n')
(n,2n)
(n.y)

Tron

-1.013
-2.215
-0.706
-0.221

Nickel

-0.251
-0.388
-0.046

Chromium

-0.320
-0.604
-0.170

Hydrogen

-1.275

SENSITIVITIES OF PARTIAL CROSS SECTION UNCERTAINTIES TO TOTAL
NUCLEAR HEATING IN THE TF COIL IN THE INBOARD OF FED
(Percent per 1% Cross Section Increase)

Cross Section
Type

(n.n)
(n.n')
(n.2n)
(n.Y)

Iron

-0.978
-1.414
-0.337
-0.502

Nickel

-0.271
-0.228
-0.022

Chromium

-0.316
-0.358
-0.080

Hydrogen

-1.111

Copper

0.018
-0.003
0.001
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VAPORIZATION OF Pb AND Li FILMS IN ICF REACTION CHAMBERS

A.M. Hassanein*, C D . Croessmann, and 6.L. Kulcinski
Nuclear Engineering Department, University of Wisconsin

Madison, Wisconsin 53706

The use of liquid Li and/or PbLi alloys have been recently proposed to
protect ICF solid first walls from intense radiation following the ex-
plosion of a fusion target. The target spectra consist of neutrons,
x-rays, and energetic ions but only the latter two-pose a problem with
respect to the melting and vaporization of solid first walls. The liquid
metals intercept the x-rays and ion debris at energy densities of 10-50
J/cnr which are deposited in times ranging from lO^5 sec for the x-rays up
to 10~I) sec for the ion debris. The amount of Pb or Li which is vaporized
by this radiation depends on several factors; the energy spectra of the x-
rays and ions, the initial temperature of the liquid, and, of course, the
power to the wal1.

The code A*THERMAL has been used to compare the amount of Pb or Li that is
vaporized from a wall 10 meters away from "typical" 175 and 350 MJ ICF
target explosions. Two different target compressions were studied for
each metal: pR = 3 and 6 g/cnr. The larger the initial compression of
the target, the larger the energy in ions and x-rays, and hence the more
radiation that must be handled on the first liquid surface. The ion
spectra consists of several types of light and heavy ions incident simul-
taneously on the liquid rail. These spectra are assumed to be Maxwellian
in shape with different keV/amu tnd different energy content for each
target compression. The x-ray energy spectrum is assumed to be a black-
body distribution with characteristic temperatures of 0.5 and 1.0 keV for
the two target compressions of pR = 3 and pR = 6, respectively.

Figure 1 shows the temperature behavior of the exposed surface of liquid
Pb for the two targets and it shows that the maximum temperature increase
of the Pb varies by a factor of 1.5 between the two values of pR. Figure
2 shows the difference in surface temperature?of the Li and Pb film ex-
posed to the same target spectra (pR = 3 g/cm ). It can be seen that Li
does not have an initial temperature increase due to the x-rays because of
its low absorption cross section.

For the case of pR = 3 gm/cm2, 1150 cm3 (i2 kg) of Pb is evaporated and
for Li 2200 cnr (1.1 kg) is vaporized. More information on the target
spectra and thermal response of the liquid will be included in the paper.

*Present address at Argonne National Laboratory.
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CONCEPT AND DESIGN OF ICF REACTOR " SENRI-II "

N. Nakamura, H. Omura, K. Kitamura*, H. Nakashima**, H. Katsuta***

K. Mlya#, S. Ido##, S. Nakai##, C. Tananakaff

Ishikawajima-Harima Hevy Induaties Co., Ltd.Isogo, Yokohama, 235

and Karunouchi, Tokyo, 100, JAPAN

*) Department of Energy Engineering, Toyohashi Dnivesity of Technology,

Toyohaahi, Alchi, 440

**) Department of Nuclear Engineering, Kyushu University, Hakozaki, Higa-

shi-ku, Fukuoka, 812

***) Molten Materials Laboratory, Japan Atomic Energy Research Institute,

Tolcai, Ibaraki, 319-11

I) Nuclear Engineering Research Laboratory, Faculty of Engineering,Univer-

sity of Tokyo, Tokai, Ibaraki, 3 9-11

##) Institute of Laser Engineering, Osaka University,Suita, Osaka, 565

Design features of a laser fusion reactor concept SENRI-II are reviewed

and discussed. The unique feature of ICF reactor SENRI-I is utilization

of magnetic field to guide and control an inner Li flow (1).

SENRI-II is designed to use metal mesh ( or porous metal ) as the inner

Li flow guide. Basic design parameters of SENRI-II are shown in Table 1.

Items to be discussed are performance of liquid Li flow, material consi-

deration and neutronics comparing with SENRI-I.

Design study of the ICF reactor SENRI-II has been carried out for about

2 years as the alternative design to SENRI-I "in Research Committee of

ICF Reactor, Institute of Laser Engineeglng, Osaka Univeslty (2).

Assign feature of SENRI-II is the utilization of metal mesh guided Li

flow as an inner blanket to moderate the pulsive fusion energy to release

from a highly compressed DT plasma. An inner Li flow through metal mesh

used as a coolant and tritium breeder reduces the first wall loading by

neutrons released from a pellet. The ICF reactor SENRI-II with an inner
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liquid Li flow is slaple in reactor structure and useful system with engi-

neering feasibility. Especially Materials can be chosen among usual materials

used In current industrial plant such as ferr.tic steel, austenitic stainless

steel etc.

Li Blanket and Flow : Liquid Li flows down through the metal mesh which

arranged inside cylindrical wall of reactor. Its mean velocity is about 0.1

(m/s) depending on its porosity. Metal mesh layer can be put at a distance

from the wall of reactor, pulsive force on the vail be released and prevents

potentially from material corrosion by liquid Li.

Material consideration : It is desirable metal mesh material to be chosen

as ceramics such as TiC. In the design of SENRI-II, strucrural material is

evaluated in view of induced activation and compatibility with liquid Li.

Neutronics rTritium breeding ratio, energy deposition rate and irradiation

damage analysis is performed by code of MORSE-E. In case of 100cm blanket

thickness, tritium breeding rate is calculated by 1.46 and O.16 dpa/year.

In the same case, He-production rate is 0.85 appm/year.

Table 1 Basic design parameter of SENRI-II

Output power 1000 - 3000 MW ( thermal )
Reactor vessel with metal mesh guided inner Li flow

Container ( cylindrical )
SUS 1 R - 6m
Inner Li flow d « 0.5 - lm
Cavity R » 5 - 5.5m

Li loop Ti - 500 - 550*C, T£ » 400*C

REFERENCES :

(1) C. Yamanaka, et al.t 'Conceptual Design o 1240 Mtfth '.«se. Jusion

Reactor in ILE Osaka', ILE-7913p (1979)

(2) C. Yamanaka, et al., 'Concept and Design of ICF Reactor "SENRI-I",

IAEA (1982)

332



TARGET EXPLOSION GENERATED FIREBALLS IN THE NITROGEN FILLED
TARGET CHAMBER OF THE LIGHT ION FUSION TARGET DEVELOPMENT FACILITY

R.R. Peterson and G.A. Moses (University of Wisconsin)

The response of a nitrogen target chamber gas to fusion target explosions
is considered for the light ion beam driven target development facility
(TDF). Targets are considered with yields of 200 MJ, 400 MJ and 800 MJ.
In each of these cases, 70% of the yield is assumed to be in hard x-rays
and neutrons with the remainder being soft x-rays and target debris ions.
These ions are stopped in a very short distance in the nitrogen gas which
we assume has a density of 7.07 x 10 N2 molecules/cm • We have assumed
that the soft x-rays are absorbed in 30 cm of target chamber gas. The
energy of the soft x-rays and ions thus creates a hot spherical "fireball"
30 ca in radius which can propagate to the first wall of the target
chamber, subjecting the wall to fluxes of low energy photons and shock
pressure pulses.

The propagation of these fireballs have been simulated with a Lagrangian
radiation transport hydrodynamics computer code FIRE [1], which uses
aquations of stara and optical data for No generated with the computer
code MIXERG [2]. N2 was chosen as a target chamber gas for its compati-
bility with first wall materials, for the ease in handling the tritium-
nitrogen compounds, and for the ability to efficiently create laser.guided
plasma channels in N2 [3]. The results of these simulations in N2 for
yields of 200 MJ, 400 MJ and 800 MJ are shown in Table I for a 3 meter
radius target chamber. The heat flux and shock pressure at the first wall
for a 200 MJ shot are shown in Figure 1. One should notice that in all
cases only a very small fraction of the fireball energy escapes as radiant
energy but that the shock pressures are large.

These simulations have shown that the first wall must mainly be protected
against the mechanical shock of the fireball because the heat loads are
low in all three cases. The yield strength of the wall is not exceeded by
the higher yield shots so that a wall designed for 15,000 shots of 200 MJ
will withstand a few at 400 and 800 MJ.

References

T.J. McCarville, R.R. Peterson and G.A. Moses, "Improvements in the
FIRE Code for Simulating the Response of a Cavity Gases to Inertial
Confinement Fusion Target Explosions," University of Wisconsin Fusion
Engineering Program Report UWFDM-407 (Feb. 1982); accepted for publi-
cation in Computer Physics Communications.
R.R. Peterson and G.A. Moses, "MIXERG - An Equation of State arid
Opacity Computer Code," University of Wisconsin Fusion Engineering
Program Report UWFDM-464 (March 1982); accepted for publication in
Computer Physics Communications.
R.R. Peterson, G.A. Moses and G.W. Cooper, "Cavity Gas Analysis for
Light Ion 3eara Fusion Reactors," Nuclear Technology/Fusion 1, 377
(July 1981).
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Table I. fireball Propagation: in TDF Target Chamber

Target
Yield
(MJ)

200

400

800

Initial
Fireball
Energy
(MJ)

60

120

240

Chamber
Radius
(m)

3

3

3

Chamber
Gas

N2

N2

N2

Gas Density
(atoms/cm )

1.4 x 1018

1.4 x 1018

1.4 x 1018

Max. Wall
Pressure
(MPa)

1.38 @

0.39 msec

3.06 @

0.29 msec

6.32 @

0.21 msec

Energy
Radiated
to Wall
(MJ)

2.3 @

1.5 msec

7.4 (3

1.5 msec

28.8 <?

1.5 msec
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Figure 1. Heat flux and shock pressure at a 3 meter radius f i r s t wall due
to a 200 MJ shot in N«.
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INERTIAL CONFINEMENT FUSION WITH
DIRECT ELECTRIC GENERATION BY MAGNETIC FLUX COMPRESSION -

George P. Lasche^
Lawrence Livermore National Laboratory

University of California
Livermore, California 94550

SUMMARY

A liquid-metal-wall laser fusion reactor concept is investigated in which
the kinetic energy imparted to the liquid metal (lithium) is maximized,
rather than minimized. In turn, this kinetic energy is converted directly
to electricity with, potentially, very high efficiency (>* 60%) by
compression work done against a pulsed magnetic field applied to the
exterior part of the wall.

The kinetic energy originates from high internal pressures caused by the
deposition of neutron energy in the lithium, as well as from the work done
by the expansion of both the post-fusion plasma and the central portion of
lithium which has been heated to the gaseous state (e = 24 MJ/kg).
Therefore, even some of the neutron energy is subject to direct generation
of electricity in this reactor concept.

Because lithium is a good conductor of electricity, the magnetic field is
effectively excluded from the liquid lithium if the field rise time
(= 3 ms) is short compared to a characteristic field diffusion time
(= 7 to 22 s). Thus, most of the energy in the applied magnetic field
may also be directly recovered as electricity.

Because the pulsed field is applied for a short total time (= 6 ms)
compared to the period between laser fusion pulses (- 1 s), the averaged
ohmic power losses could be a small fraction of the total plant electric
power. For this reason, the magnets need not be superconducting, greatly
simplifying the design.
The magnetic field serves the additional purpose of distributing the total
impulse imparted to the reaction chamber vessel over time. If the time
over which the impulse is delivered is sufficiently long, then the wall
will not be stressed beyond acceptable fatigue life limits.

Because the applied magnetic field will not be able to restrain the motion
of liquid metal along the direction of the field lines, the kinetic energy
of the liquid metal with a velocity vector in the two directions parallel
to the field will be converted directly to electricity by a separate MHO
generator.

The outer surface of the liquid metal wall will develop flute
instabilities. Although such instabilities would be catastrophic in a
steady state system, in a pulsed system they can be dealt with by choosing
a design such that the critical instability growth times are long compared
to the time required to stop the motion of the liquid lithium.
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In order to maximize kinetic energy, the liquid lithium may be configured
into a sphere, perhaps three meters in radius, having a hollow sleeve of
solid lithium through its center for the access of laser beams. The
sphere of liquid would presumably be formed and dropped from above the
chamber by a "ice cream scoop" apparatus. No external tritium breeding
blanket would be required.

At such radii, the fusion neutrons would be required to traverse several
times the number of mean free paths of lithium that they do in other
fusion reactor designs. As with other liquid metal wall reactor designs,
there is no structural metal interposed between the fusion neutron source
and the lithium absorbing medium. For these reasons, the neutron-induced
radioactivity of reactors based on this concept may be extremely low.

It appears from initial calculations that the liquid metal may be arrested
by magnetic fields of reasonable strengths (3 to 11 T); that the
instability growth rates can be overcome; that the power loss from induced
eddy current heating is not severe (= 63 MW); and that the metal
velocities (= 133 m/s) are sufficient to provide efficient electric
generation by magnetic flux compression and by magnetohydrodynamic means
(RM is = 700 before expansion). Computational experiments have been
accomplished using LASNEX (a hydrodynamic code capable of radiation
transport), designed to test the validity of analytical models and to
accurately describe the shock wave propagation in the liquid lithium and
the interaction between the liquid metal and the applied magnetic field.

1 Supported as a Fellow of the John and Fannie Hertz Foundation.

Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under contract no. W-7405-ENG-48.
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FIRST WALL MATERIALS SELECTION FOR THE
LIGHT ION FUSION TARGET DEVELOPMENT FACILITY

R.R. Peterson, E.G. Lovell, K.J. Lee, R.L. Engelstad,
G.L. Kulcinski, and G.A. Moses (University of Wisconsin)

The light ion fusion target development facility [1] (TDF) is an experi-
mental facility designed to test high yield light ion beam driven ICF
targets. Its operation will follow the successful completion of experi-
ments on PBFA-II. A critical element in the design of the facility is the
reaction chamber in which the fusion micro-explosion must be contained-
The reaction chamber walls consist of panels, supported from behind by a
structural frame. The calculated mechanical response of this structure is
reported by Lovell and Engelstad in these proceedings [2].

In this paper, a survey of seven common metal alloys is made with regard
to their viability as a first wall material for the TDF. The criteria in-
clude: cost, fatigue strength, thermal shock resistance, neutron acti-
vation, and compatibility with N2 gas. The materials are listed in Table
1 with their physical properties- Radiation damage resistance anri heat
transfer to a coolant were not considered important because the TDF shot
rate is only 10 shots/day and the structure is completely immersed in a
water shield at room temperature.

Figure 1 shows typical results for Al 6061, where the first wall panel
thickness was determined to be 3 cm for a lifetime of 10 shots- All of
the candidate materials were found to be acceptible as a first wall ma-
terial with aluminum being chosen as the best material. The two most
important criteria were thermal shock resistance and neutron activation.
The latter is discussed by O'Brien et al., in these proceedings [3].
Thermal shock resistance is a combination of high conductivity and low
thermal expansion. The high strength alloys like steel and Ti have poor
thermal shock resistance and this fact outweighs their great strength.
Hence the lower strength Al is the best candidate.

This work war, supported by Sandia National Laboratory under contract
number DE-AS08-81DP40161.
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Table 1 Therwl and Mechanical Properties of Selected Metal Alloys (Roon Tepperature)
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DYNAMIC STRESS ANALYSIS OF LIGHT ION FUSION
TARGET DEVELOPMENT FACILITY REACTION CHAMBERS

Edward G. Lovell
Roxann L. Engelstad

University of Wisconsin-Madison

The reaction chamber of the proposed Target Development Faci l i ty shown in
the figure below is a capped cylindrical shel l , reinforced by circum-
ferential ribs and axial stringers. The most important sources of stress
are heat flux and mechanical shock transmitted by the cavity gas. The
results reported in this paper focus on the mechanical overpressure prob-
lem and include details of analysis methods and associated design con-
siderations for the structural system.

For a design using a large number of stringers, the sections of un-
supported shell wall can be considered to be very shallow curved plates.
As a f i r s t approximation, curvature effects are ignored and flexural
stress and deflection calculations are based upon f l a t plate theory. The
dynamic response of wall plate components is determined by multiplying
the quasi-static stress and deflection by dynamic load factors or dynamic
load functions. Such amplifiers depend upon the characteristics of the
pressure pulse (r ise time and decay strength), natural vibration f re -

ENERGY STORAGE
SECTION - OIL

PULSE FORMING
SECTION - WATER

SHIELDING
POOL - WATER

RETURN LINE
TRANSMISSION LINE
PULSE FORMING LINE
INTERMEDIATE STORAGE CAPACITOR
BEAM MARX GENERATOR
CHANNEL MARX GENERATOR
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quencies of the plate, wall material and level of damping. A computer
code has been developed for this purpose and has also been coupled with
a thermal stress code for the determination of the total stress history
in the chamber wall. An improved shell theory model has also been devel-
oped which includes the effects of curvature, in-plane (membrane) forces,
twist and shell flexural stresses. For shallow panels (e.g. subtending
9°) the differences between shell theory and flat plate theory are minor.

The response results shown correspond to the specific case of a 200 NJ
target yield and xenon cavity gas at 70 torr with 0.52 cesium. The wall
component is solid aluminum with 2.5% critical damping and height, width
and thickness of 200, 47 and 3 cm, respectively. The fundamental fre-
quency of this component in flexural is 768.5 Hz and the overpressure is
1.71 HPa. The circumferential stress history is shown for a point at the
center of the concave surface of the shell. The first flexural stress
peak is compressive and adds directly to the compressive thermal stress
from the heat flux. Near the ribs and stringers, flexural stress will
initially be tensile and will be counteracted by compressive thermal
stress.
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The rib and stringer analysis involves techniques which are very similar
to that used for the plates. The design primarily involves the deter-
mination of cross section characteristics such that mechanical stresses
are within acceptable limits and deflections are not excessive. A
typical stress history is shown for an aluminum rib with a hollow rec-
tangular cross section.

The procedures developed and corresponding numerical results indicate
that a first wall structural system can be designed to carry the dynamic
pressures and heat flux anticipated in this facility.

This work was supported by Sandia National Laboratories, Albuquerque, N.M.
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NEUTRON ACTIVATION AND SHIELDING OF THE
LIGHT ION FUSION TARGET DEVELOPMENT F\CILITY

K.J. O'Brien, A.M. White, and G.A. Moses (University of Wisconsin)

The light ion fusion target development facility [1] (TDF) is an experi-
mental nuclear facility operated at an average power level of 23 kW (ten
200 MJ shots per day). It also requires easy access for maintenance. To
accomplish this, low activation materials, aluminum, have been used for
the target chamber, and a borated water shield fills the space occuppied
by the magnetically insulated transmission lines of the pulsed power
machine. This arrangement is shown schematically in Fig. 1, where the
water level is shown lowered to allow access through the top end cap of
the target chamber. The water level is raised during operation.

Neutron activation calculations were performed for the first wall candi-
date materials and the resultant dose levels at the first wall are sum-
mar Lzed in Table 1. It is seen that Al and Cu-Be are much preferred over
the Fe based alloys and Ti. Hands-on maintenance is possible after 1 week
for the Al target chamber whereas this is probably not possible for the Fe
based alloys. The water shield very effectively attenuates the neutrons
and gammas during operation.

Following a target explosion, the vibrating target chamber creates
acoustic waves in the water shield. To attenuate these waves before they
reach the water filled section of the pulsed power generator, air bubbles
are introduced into the shield region, see Fig. 1. Calculations have been
performed to determine the reflection, attenuation, and transmission of
acoustic waves from bubble filled regions. A result of these calculations
is shown in Fig. 2 where the transmission fraction is plotted as a
function of the bubble void fraction for different bubble screen widths.
Bubble "screens" will very effectively block the acoustic waves from
propagating outward, but if not properly designed, they will simply re-
flect the waves back inward toward the target chamber. Hence the bubble
screen detailed design is important to the achievement of the desired
effect.

This work was performed for Sandia National Laboratory under contract
number DE-AS08-81DP40161.
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AN ICF REACTOR CONCEPT USING 3He-AFLINT TARGETS

G. Miley, J. Stubbins, H. Ragheb, C. Choi
Fusion Studies Laboratory, University of Illinois, Urbana, IL 61801 USA

G. Magelssen
Los Alamos National Laboratory, Los Alamos, NM 87544 USA •

R. Martin
Argonne National Laboratory, Argonne, IL 60440 USA

All Inertia Confinement Fusion (ICF) reactor concepts studied to date have been
Lased on the use oT D-T fueled targets combined with a "Conventional" tritium breeding
blanket. However, some "alternate fuel" configurations could enable the tritium to be
bred within the target itself, thus eliminating the complication of a tritium breeding
blanket. Indeed, prior studies " ) have developed the possibility of a 0-fueled target
(termed the "AFLINT" concept) that employed shock implosion of a small D-T core region
to ignite the deuterium. In the present paper we examine the AFLINT concept in more
detail and discuss an approach to a reactor chamber designed to capitalize on its
unique features.

The present studies attempted to achieve a minimum energy input requirement while
achieving a tritium self-sufficient target design. AFLINT utilizes spark ignition with
a 0-T core which results In burn propagation into an outside deuterium layer. Tritium
from D-D reactions that Is left unburned after the implosion-burn is extracted in the
burn-chamber exhaust, chemically separated from other species, and then returned to the
target "factory" to manufacture subsequent 0-T micro cores. Assuming losses of < 102,
a Tritium Breeding Ratio (TBR) of about 1.1 should provide a closed cycle. (TBR is
defined as the amount of tritium contained in the chamber exhaust divided by that re-
quired to manufacture the original target, including the D-T core.)

Present calculations began with a study of the AFLINT design described in Ref. 1.
However, in order to improve the target performance (especially to obtain a higher TBR)
the concept was modified to also Include auxiliary 3He. This added 3He is bred from
D-D reactions and Is also "redrculated" from the exhaust plasma. This improves the
target burn since, at the densities and temperatures employed, the D-3He reaction rate
is higher than the D-D rate during the Initial burn propagation phase. More importantly,
the energy released per D-3He reaction is 5 times larger than that of D-D. A practical
target containing 3He presents some manufacturing problems. In the present "3He-AFLINT"
concept, 3He is diffused throughout the target fuel while a thin coating of an appropriate
high-Z material is used on the Inner surface of the tamper to contain the 3He.

For reactor studies we consider two different target ignition conditions that result
in significantly different driver energy requirements. For the first scenario we assume
the base case target concept with a pr of 8.9, a fuel density at ignition of 5,000 times
solid, and a radius of 100 urn. The target gain is approximately 50 and the driver energy
required Is - 5 HJ.

'The second target scenario assumes the fuel density at ignition to be 2,500 times
solid. The driver energy requirement is 20 MJ and the gain is again -50. However, be-
cause of the reduced compressional energy and symmetry requirements in this case, this
estimate for the gain Is felt to be conservative and the actual yeild might, in fact,
be somewhat higher. These two cases are summarized in Table I and, for reference, are
compared with the target used in the recent HIBALL conceptual design study I'J. For
perspective, estimates of characteristic heavy-ion beam parameters are included.

Compared to HIBALL, the 3He-AFLINT has a somewhat lower gain due tc the smaller
fusion cross-section for D-D reactions. This disadvantage must be balanced against the
benefit of internal tritium (and 3He) breeding. Another major difference associated with
using a D-D burn is the reduction In energy carried by neutrons and gammas and increased
energy carried by x-rays and charged particles.
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Table I. Reactor Target Concepts
Target Par erne ter

Target Yield (MJ)
Target Gain
Composition:

0 (mg)
T (ng)
3He (mg)
Tamper (ing)

Driver Beam:
Number Energy (MJ)

Debris Energy Spl i t :
Neutron and Gammas
X-rays
Charged Particles

°He-AFLINT
I (5000x)

220
44

3.4
2.5xlO-2

0.18
36 (Au)

20;5

0.10
0.56
0.34

I I (2500x)
1000

50

13.6
io-i
0.72

144(Au)

40;20

D-T
HI BALL
396
83

1.6
2.4

-
288(Pb)

20;4.8

0.72
0.22
0.06

The reactor chamber for the 3He-AFLINT targets no longer needs to use lithium or
lithium compounds as coolants/breeders. Consequently, other liquid metals, e.g. lead
bismuth-lead, and sodium, can also serve as coolants. The use of a liquid metal is
still a preferred method for first-wall protection which is especially important with
the large x-rays and charged-particle yield from the AFLINT targets. For D-T designs,
a lithium or Li-Pb blanket thickness of about 1 m is typically required for the pro-
tection of the first structural wall against neutron damage and for Li breeding. A
significant reduction in the thickness is possible in the present case, both due to
the reduced neutron flux and the softer energy spectrum of the neutrons. This approach
offers the additional advantage of increased energy density in the reactor coolant cycle
since most of the target energy 1s deposited in a relatively small volume of liquid
metal Inside chamber.

The present conceptualization of the reactor chamber for 3He-AFLINT employs dual
liquid falls. A thin Inner liquid fall absorbs the x-ray and charged particles energy.
It is mostly vaporized by the microexplosion, but re-establishes itself quickly due to
a favorable height/diameter ratio. Another thin outer fall serves the triple purpose of
recondensing the vaporized liquid, protecting the first structural wall against neutron
damage, and absorbing the radial momentum transfer from the disintegrating inner wall.
Those two falls pour Into a pool at the bottom of the cavity. Their flow is fed from
the top of the cavity through an annular liquid region fed with liquid from the pool by
an electromagnetic pump. A graphite reflector behind the annular liquid region reflects
back any leaking neutrons, and Is surrounded by the vacuum vessel. Vacuum pumps main-
tain a vacuum of-10'4 Torr for heavy ion beam propagation. Note that in the present
concept a secoicary. coolant-shield region is placed outside the inner reactor chamber,
instead of Inside the chamber which is common for D-T fueled, liquid metal protected
ICF designs. The liquid-metal pumping power requirements are minimized through the re-
duced mass of circulating liquid and the use of the pool concept. A heat exchanger is
immersed in the liquid pool and a gaseous or liquid coolant is circulated through it.
Even though tritium must be extracted from the coolant, a relatively small tritium
inventory is possible, offering potential advantages in terms of minimization of tritium
leakage under normal operating conditions as well as in accident situations. Because of
the low inventory, tritium leakage problems Into the coolant can be controlled with
coatings rather "than the more expensive double-walled approach. The first structural
wall can be extracted regularly from the top of the cavity, and annealed rather than
replaced.
REFERENCES
1. G. H. Miley, "The Potential Role of Advanced Fuels in Inertial Confinement

Fusion," Proceedings, Fifth Workshop on Laser Interaction and Related Plasma
Phenomena, University of Rochester 09791.

2. B. Badger, et al., UWFDH-450/KfK-3202, University of Wisconsin (1981).
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JAPANESE PROGRESS IN THE LARGE COIL TASK AND THE HIGH-FIELD CLUSTER TEST
PROGRAM, S. Shimamoto and K. Yasukochi, Japan Atomic Energy Research
Institute, The Japan Atomic Energy Research Institute (JAERI) is develop-
ing large superconducting coils for the Fusion Experimental Reactor (FER),
which is the next tokamak after the JT-60. Major programs for FER toroidal
coils at JAERI are the Large Coil Task (LCT) and the Cluster Test Program
(CTP).

JAERI is one of the participants in the LCT, an international program being
conducted under the auspices of the International Energy Agency (IEA), to
establish design criteria for superconducting tokamak toroidal coils.
In the LCT, 8-T, 4.5-m x 3.5-m, D-shaped coils are being developed.
In the CTP, JAERI has already constructed and successfully tested two
Cluster Test Coils, which are 7-T, 1.5-m-dia., NbTi coils. Using these
Cluster Test Coils, JAERI is now developing high-field test module coils.
The first Test Module Coil, which is a 10-T, 1.1-m-dia., Nb3Sn coil, has
been constructed and the second 12-T coil is under design. Two backup
coils in addition to Cluster Test Coils for the 12-T testing have also been
constructed. These coils are called the Cluster Backup Coils, and they are-
10-T, 0.7-m-dia., Nb3Sn coils.

In 1978, JAERI started the detailed design and verification tests to
achieve the required characteristics of the Japanese LCT coil. In a few
years of research and development, the critical current density at 8 T of
Japanese superconducting cables was doubled and a mechanically and chemi-
cally treated conductor surface, which has a heat transfer five times as
much as that of a flat surface was developed. These and many other
achievements have enabled to construct the Japanese LCT coil and it was
finished in April 1982. Before bringing it to the U. S., JAERI carried out
the domestic test of it at the Superconducting Engineering Test Facility
(SETF)o In this domestic test, the Japanese LCT coil was cooled in the
designed 120 hours and successfully charged and tested. There was few sign
of wire movement and no training happened in the full charging up to 10,220
A. In the stability test, we heated a half turn of the winding at the
highest field part up to 20 - 30 K to normalize the conductor. At the
rated current, this normal zone length quickly decreased by the speed of
2 ra/s and the coil was fully stable. We also carried out fast dumping of
the coil from 100-% current by the time constant of 20 seconds. Even in
this full dumping, the energy loss was almost the same as was predicted and
no problem in the coil was found.
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DESIGN OF THE 24 TESLA AXICELL MAGNETS
FOR MARS*

R. W. Baldi, J. F. Farmer, W. E. Toffolo, K. L. Agarwal,
S. Dharmarajan, R. A. Sutton, S. D. Feck, C. M. Powers,

6. D. Magnuson and J. L. Saunders

General Dynamics-Convair Division
San Diego, CA 92123

This paper describes the conceptual design of the axicell magnets for
MARS (Mirror Advanced Reactor Study). The axicells are placed between
the central region of the reactor and the end cell coils. Each axi-
cell produces the high magnetic field that confines the plasma.

A hybrid coil design was adopted based on economic and technical con-
siderations, and also the compatibility with the overall reactor
system. Each axicell consists of a superconducting solenoid that pro-
duces a background magnetic field of 15 tesla, and two resistive
insert coils that increase the field up to 21 and 24 tesla, while con-
suming 60 MW.

The design of the superconducting solenoid utilizes advanced super-
conductor concepts now under development. The winding incorporates
four regions of graded conductors with current densities from 1050 to
1640 A/cm2. The inner region has a peak field of 16 tesla and uses
Titanium doped Nb3Sn superconductor. The next region employs Nb3Sn
and the two outer regions NbTi. All conductor is stabilized with one-
half hard copper and reinforced with stainless steel to support the
Lorentz hoop forces. The coil is layer wound and is insulated with
polyimide-glass, a material that tolerates radiation doses of 5 x
rads. The magnet is cooled with LHe II at 1.8°K. Its outer diameter
is 5.5m, its length, 5.8m and it weighs 930 tonnes. The magnet is
protected against radiation damage by an optimized radiation shield
that reduces the magnet's peak neutron heat input to 6 x 10~5 w/cm3.
The maximum neutron fluence in the ffl^Sn superconductor is to be less
than 2 x 1 0 ^ n/cm^, and the maximum radiation damage to the copper
stabilizer is limited to 1.9 x 10"* dpa. This will allow for 24 FPYs
(full power years) of operation with five room temperature annealings
of the magnet.

The resistive insert magnets incorporates materials that maximize
magnet life in a severe radiation environment. The polyhelix wind-
ings are wound with MZC copper conductor loaded to a peak stress of
300 MPa (43,000 psi). The neutron heat load in the windings is about
4.5 MW per magnet. This is about 15% of the ohmic heat load. Neutron
damage to the conductor increases the average conductor resistivity by
20% in 2 FPYs, with the resistivity of the inner layers increasing by
60%. The conductor is internally cooled with pressurized water flow-
ing at 10 m/sec. Conductor temperature is limited to 200°C to prevent
loss of conductor strength from recrystallization. Electrical in-
sulation is made of spinel (Al2HgO4), a radiation resistant ceramic
that will have less than 3% neutron induced swelling during the magnet
lifetime. Because copper is an excellent neutron shielding material,
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the resistive inserts also provide some of the radiation shielding for
the superconducting magnet.

The superconducting magnet is designed to produce magnetic fields sub-
stantially higher than those obtained with present superconducting
technology, and the resistive inserts have a design lifetime about one
order of magnitude higher than that of externally cooled high field
magnets presently in operation.

*Work supported by DOE, Lawrence Livermore National Laboratory, under
subcontract to TRW.
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MANUFACTURE OF TFTR TF COILS

R. L. Fuller, Jr. - A. J. Jarabak — M. Sabado - E. Stern
Westinghouse Electric EBASCO Grumman Areospace
Corporation Services, Inc. Corporation

Through this paper, we will reflect back on the effort and note what has
been accomplished and learned during the manufacture of toroidal field
coils for the Tokamak Fusion Test Reactor which has now been assembled at
the Princeton Plasma Physics Laboratory.

These large (greater than 4.26 meters in diameter) copper coils were com-
pleted by developing and implementing some unique manufacturing processes
and procedures. In addition, a high degree of manufacturing project
control was needed to ensure that these processes and procedures were
strictly followed by maintaining quality control standards as well as
schedular, and budget considerations.

Conductors for these coils were fabricated by joining together 40 foot
lengths of hollow copper bars as part of the winding process. A special
joint and process was developed to maintain properties in the transition
between bars. This joint involved machining a dovetail edgewise in the
bars, and by a combination of alloy selection, joint preparation, and
process procedures we produced quality results which completely met the
requirements.

Winding of these coils was done on a vertical mandrel using a clamping
technique. There were several considerations during the winding procedure
including springback allowance, and accurate radial and circumferential
location of the water connection parts and lead block. For instance, the
water connection at the start of winding was 115 ft. from the winder and
had to be located circumferential, within + .188 inches. This proved
especially difficult since it was not possible to sufficiently tension the
winding to prevent a clock-spring effect occurring.

Impregnation followed the winding. The coils were placed in a multi-
purpose mold assembly and vacuum-pressure impregnated. This impregnation
process required specific vacuum levels, temperatures, and heat rates.
The set-up also required a unique "milking" step to ensure that no bubbles
would be present in the coil after impregnation. This first impregnation
was extremely important because it provided much of the coils mechanical
strength through the turn-to-turn bond. This effort required considerable
process development.

Nose machining was then performed to allow the coil to fit into the case
configuration. This machining decreased the coil width at the nose by
40%, and exposed the copper in this area.

Taping was then applied using an E-glass tape to both install groundwall
and meet drawing dimensions.
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A second vacuum-pressure impregnation, similar to the first impregnation,
was performed to complete the insulation and mechanical design of the
coil. The coil I.D. and occasionally the O.D. were then machined to meet
final dimensions and prepared for installation into the stainless steel
case.

Installation of the coil into the stainless steel case is made with a
nominal clearance of .050 inches. The case having been previously coated
with mold release to prevent coil bonding to the case.

Potting the coil in the case required some preparation. This pressure
potting procedure involved both permanent and temporary seals to prevent
leakage or the creation of air pockets or bubbles in the potting. After
sealing in the case, the coil was pressure potted using a resistance-
induction heating system to maintain close differential temperatures,
heating rates, and cycle time. This unique system yielded high quantity
results under strict constraints. After potting, a side cover which had a
temporary seal was then removed for installation of a shim which would
permit the coil room for growth.

Tests were performed at each critical phase to ensure integrity. These
electrical tests include D.C. hipots, A.C. corona and various other tests
to measure insulation resistance and detect shorts. A complete series of
physical inspection points was also developed to ensure quality and
product conformance to standards.

Control and monitoring of the manufacturing operations were important.
The criticality of the TF coils and their schedule needs required that a
system of project and production controls be developed to monitor and
control operations. Implementing this system required daily meetings and
problem solving sessions involving management, technical and non-technical
personnel, developing a method for following each coil in respect to its
production schedule and process. This project was also challenging in
that the design and the manufacturing were performed by two separate
organizations and required a high level of interface between the two. The
manufacturing responsibility developed a system to facilitate this two way
communications.

This paper will be both a historical record and a guide for performance on
future projects of this nature.

This project was sponsored by DOE through the Princeton Plasma Physic
Laboratory. Westinghouse manufactured the coil under contract through
Ebasco Services, Inc.
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CONCEPTUAL DESIGN OF SUPERCONDUCTING
HELICAL COIL OF HELIOTRON G

Shunji Kakiuchi, Yoshiaki Kazawa,
Kunishige Kuroda*), Hisanao Ogata^,

Osamu Motojima3), Atsuo Iiyoshi3), and Koji Uo3)
Hitachi Works, Hitachi, Ltd., 3-1 Saiwai-cho, Hitachi, Japan

1) Hitachi Research Lab., Hitachi, Ltd., Moriyama-cho, Hitachi, Japan
2) Mechanical Engineering Research Lab., Hitachi, Ltd., 502 Kandatsu-cho,
Tsuchiura, Japan 3) Plasma Physics Lab., Kyoto Univ., Gokasho, Uji, Japan

Heliotron type reactor, which has continuous superconducting helical
coil, has number of merits comparing with Tokamak reactor. One of the
most difficult technological problems in Heliotron reactor project is to
construct a superconducting helical coil system because of its three-
dimensional structure. It is, therefore, necessary to research the tech-
nological possibility of superconducting helical coil systems. In this
paper, three examples of superconducting helical coil design in Heliotron
G (experimental and prototype reactor) are proposed. The specifications
of Heliotron G are summarized in another paper in this meeting.

The helical coil considered here was designed to minimize connection
points. Demountable and modular helical coil systems have been investi-
gated, but were not adopted. The former system brings too much heat loss
at the connection points, and in the case of modular system, the physical
requirement is not satisfied. The helical coil is designed to be wound
continuously and the cryostat is constructed in a body with plasma vacuum
vessel. If trouble occurs in the helical coil or cryostat, the repair-
ment will be done on the section by remote handling.

In Fig. 1, cross section of helical coil is shown. The main design
parameters of helical coil are shown in Table 1. Taking into account a
possible improvement in superconducting magnet technology, three types of
helical coil are designed, i.e., (a) bath cooling type, (b) forced flow
cooling type, and (c) superfluid cooling type. The key issues of each
type are summarized as follow: For the former two types, (a) bath cool-
ing and (b) forced flow cooling, single-layered coil is designed so as to
guarantee the insulation and the accuracy of helical current position
and to make easy to fabricate. For the latter type,(c) superfluid cool-
ing type, multi-layered coil is considered because cooling channel can be
freely designed.

The design of superconductor is based on the idea of fully cryostable
conductor in each case. Main design parameters are also shown in Table
1. For types (a) and (b), large current conductor is designed to get
sufficient cooling area. The number of turns can be decreased. However,
such a large current conductor (more than 100 KA) has not actually been
made yet. For type (c), rather small conductor is considered, which is
available by present technology. However, the total number of turns be-
comes extremely large.

A rough electromagnetic analysis is made. Maximum field strenght in
the superconductor is estimated to be 9T. Electromagnetic force on the he-
lical coil is calculated using a simple model. It shows that the electro-
magnectic force is maximum at inner side of the torus, which amounts to
5x10? N/m. Heat load for cryosystem is also estimated. In any type, total
heat load including nuclear heat from fursion plasma does not exceed 30KW.

In the final manuscript, details will be presented.
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FIG. 1 CROSS SECTIONAL VIEW OF HELIOTRON-G
(PERPENDICULAR TO HELICAL COIL.
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Table 1 Main design parameters of helical coil of Heliotron C.

(Bath cooled) (Force flow cooled) (Superfluid bath cooled)

(4.2K) (4..5K) U.*K)

(1) Coil
major radius (m)

minor radius (m)

helical pitch

centerline field (T)

maximum field (T>
ampere turn (AT)
winding number

inductance(H)

stored energy (GJ)

coil length Xm)
coil cross section (m2)

coil current density

(A/mm2i

(2) Superconductor

material
stabilizer
design current (kA)

critical current (kA)

size (mm)
equal area (lux (W/cin2)

13.6

2.55

7.5

0.5
9

3.06x10*

6!

0.95

43
20,060

1.4

22.7

NbTi

Cu
}00

502

l3WJt300''

0.75

13.6
2.55

7.5

4.5

9
3.06x10*

2S

0.16

43
S.260

1.4

14.6

NbTi
Cu

72J
1131

50Wxl000h

0.72

13.6

2.35

7.5

4.5

9
3.06x10*

2400

119
43

708,000
1.4

2«.J

NbTi

Co
8.}

12

12.5Wx2.5h

1.0
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EFFECTS OF PLASMA ELONGATION ON
MAGNETICS OF CONTINUOUS-COILTOKAMAK REACTORS

E. Hobrov and L. Broinberg
Massachusetts Institute of Technology

Plasma Fusion Center

It is widely believed that plasma elongation results in larger plasma pressures. This effect has been
used in reactor studies |1]. The effect of elongation on magnetics has been widely studied as it affects
the poloidal field system, which provides the elongation. Problem areas lie in the well known vertical
instability which may require some form of feedback stabilization; in the larger requirements of the
vertical field system, resulting in increased stored energy and in the need of locating poloidal field
coils in the bore of the toroidal field magnet

The effects of elongation on the toroidal field magnet have not been studied as extensively. This is be-
cause of the use in these reactor studies of D-shapc coils, which allow for relatively large elongations
without resulting in larger toroidal field coils (in these coils, the height of the magnet is determined
by toroidal field ripple requirements or by maintenance schemes, which in turn arc determined by the
location of the outer leg of the magnet).

For continuous magnets, the tradeoffs arc not as clear. 'Die continuous coils arc positioned so close
to each other that the toroidal field ripple is almost negligible and both die inplanc and out-of-plane
loads, as well as the structural reaction to them can be considered as entirely rotationaliy symmetric.

In a continuous coil, the TF coil can be placed as close as possible to the plasma (allowing spacing for
first wall, blankets and shields). The plasma elongation has ;i direct effect on the shape of the magnet.
As a consequence, the stresses in Hie thro.U of the magnet and the shearing stresses resulting from the
torque action from out-of-plane forces arc affected by the plasma elongation.

In this paper, a parametric study for continuous magnets with varying elongation is performed, [n
order to perform this study, the neutron wall loading and the stresses in the throat of the magnet are
kept constant. The OH system requirements arc calculated and the main engineering parameters of
the central solenoid have been kept constant. The toroidal field magnet is analyzed using a thick shell
model [2].

In doing the parameter variation, it is assumed that the plasma /? (the ratio between the plasma
pressure and the magnetic field pressure) scales as

whcre« = b/a is the elongation and 4 is the aspect ratio.

The result of the parametric scan indicates that for continuous torodal field coils, plasma elongation
does not result in a significantly smaller or simpler reactor. The plasma advantages obtained with
elongation arc balanced by increased requirements in the toroidal field magnet. Reactor designs
with comparable performance (wall loading and stress) with different elongations (1.2 < K < 1.6)
result in similar machines (in terms of weight of magnet, stored energy and, for normally conducting
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magnets, resistive power dissipation).

[1] Baker, C.C., Proceedings of the 1EI-E, 69 (917).

[2] Bobrov, E and Shuitz, J., MIT, Plasma Fusion Center Report PFC/JA-82-10.
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SAFETY OF SUPERCONDUCTING MAGNETS WITH INTERNALLY COOLED CONDUCTORS*

L. R. Turner
Argonne National Laboratory

The computer code developed by V. D. Arp [1] for internally cooled conductors
(ICC) has been modified and incorporated into the TASS (Thermal Analysis for
Safety and Stability) code [2] developed at ANL. ICC experiments of Lue and
Miller [3] have been modeled, and the safety of the toroidal field (TF) coils
of the Fusion Engineering Device (FED), which use ICC, has been analyzed.

ICC aye highly stable against short heat pulses even when the coolant, at
steady state, is movirg at low velocity or is stagnant. The increased
transient cooling is attributed to the transient flow of helium following
local heating and pressure rise. Vincent Arp developed a computer code for
the stability of ICC, which incorporates one-dimensional energy, mass, and
momentum balance within the helium and predicts the high-velocity, high-
pressure helium flows, which are not predicted by simpler models. Arp's code
has been modified and combined with the TASS code to form the code SSICC
(Safety and Stability of Internally Cooled Conductor).

Studies of heat transfer to supercritical helium and other fluids in turbulent
flow have generally supported the correlation

Nu = const. (Re)4^5 (1)

where the Nusselt number Nu is the non-dimensional heat transfer coefficient
and the Reynolds number Re is the non-dimensional flow velocity. However,
the stability experiments of Lue and Miller with ICC were better fit by

Nu = const. (Re) 4 / 1 5. (2)

In the analyses to be described, both correlations were used, with the con-
stant chosen so that Eq. (1) and (2) give the same value for Nu at Re = 10^.

The SSICC code has been applied to the experiments of Lue and Miller and,
with Eq. (2), gave good general agreement on current and stability margin
for a i m heated region of triplex conductor at 7.0 T, but did not reproduce
the multiple stability regions observed in those experiments. The FED TF
coils were also analyzed. A single channel of FED TF coil conductor, 173 m
in length, was modeled at 8.0 T. A heat pulse of 200 mJ/cm^ was applied to
the metal of the central 6 m of conductor in 10 ms. Steady-state conditions
were first determined; the inlet temperature, pressure, and velocity were
specified; and the outlet temperature and pressure and the mass flow rate
were determined. In every case considered, the 200 mJ/cm^ heat pulse resulted
in a quench for the heat transfer coefficients governed by either Eq. (1) or
Eq. (2). The temperature and pressure rise during the 10 ms heat pulse,
then fall to a minimum (pressure a minimum at 15 ms, temperature at 20 to 25

and then rise steadily thereafter, as shown in Fig. 1.
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Figure 1. Pressure and temperature variation in first 0.2 s.
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PROGRESS IN LARGE SUPERCONDUCTING PULSED CONDUCTORS AND COILS FOR TOKAMAKS
AT JAERI, S. Shimamoto, T. Ando, T. Hiyama, H. Tsuji, Y. Takahashi,
E. Tada, M. Nishi, K. Yoshida, K. Okuno, K. Koizumi, H. Nakajima, T. Kato,
and K. Yasukochi, Japan Atomic Energy Research Institute, The Japan
Atomic Energy Research Institute (JAERI) is developing the large super-
conducting coils for the Fusion Experimental Reactor (FER), which is the
next tokamak after the JT-60. For FER poloidal coils, JAERI is developing
high-current pulsed conductors and pulsed magnets for testing of pulsed
conductors. Major objective of this work is to develop large pulsed coils
with a high current of around 50 kA, for a pulsed operation of about 10
T/s, with a diameter from 2 m to 20 m, with fatigue strength against
200,000 cyclic operations, and with a sufficiently low pulsed field loss
so as to reduce the power consumption to refrigerate the coils.

For these purposes, JAERI is developing two pool-cooled 50-kA pulsed
conductors (JA-50 and JB-50) and a forced-cooled 30-kA pulsed conductor
(JF-30). JA-50 has a stainless steel flat core inside cables and JB-50
has stainless steel structures inside and outside of cables to increase the
mechanical strength of winding. JF-30 is a cable-in-conduit conductor,
which was designed under a collaboration between JAERI and Oak Ridge
National Laboratory. By a triplex testing of JF-30, the stability margin
was measured in function of operating current, helium pressure, and flow
rate. The result showed that helium flow highly increase its stability.

As a pulsed coil for testing of conductors described above, Pulser-C was
newly constructed and successfully tested. It has the winding ID of 500mm,
winding 0D of 820 mm, and height of 270 inn. The maximum field is 5.4 T and
it is designed to be stable at the pulsed operation of 10 T/s. A NbTi-
CuNi-Cu mixed-matrix, 3-kA conductor was developed for the Pulser-C. As
the Pulser-C has thick FRP structure, it was cooled down by computer
control in 50 hours. By the maximum sweep rate of the power supply, 3.2 kA
and 300 V, it was charged to the rated current in 3 seconds with a negligi-
ble pulsed loss. It was dumped by the time constant of 0.75 second without
any problem.

Using Pulser-C, a 10-kA pulsed coil, called Pulser-D, was tested success-
fully, achieving its designed .characteristics. Pulser-D was fabricated for
the verification of a 10-kA pulsed conductor, called JA-10, developed by
JAERI. By the maximum sweep rate of the power supply for the Pulser-D,
Pulser-C and Pulser-D were charged to the operating point, (3 kA, 10 kA,
6.7 T, and 1.6 MJ), in 6 seconds. Although the cables of JA-10 was not so
rigid, no serious wire movement was found during charging. Pulser-D was
dumped from 6.7 T by the maximum pulsed field of -13 T/s, and the corre-
sponding pulsed field loss was negligibly small.
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OHMIC HEATING SOLENOID DESIGN UTILIZING FORCE COOLED WINDINGS* Vishnu
C. Srivastava, Fusion Engineering Design Center/General Electric Company
The design of an ohmic heating central solenoid employing forced cooled
winding is described. The forced cooled winding could be potentially
more compact and can perform better than a pool boiling cooled winding.
The forced cooled solenoid is designed to operate at 8T peak field. The
winding does not require a leak tight helium vessel which is difficult
to design.

A schematic of the ohmic heating solenoid is shown in Fig. 1. The
solenoid is sized for the fusion engineering device (FED) and is divided
into three modules (OHj, EF5, and OHo). Each solenoid module is powered
with a separate pair of leads located in the central bore region. The
operating current for the solenoid is 21,300 A, which is 60% of the
critical current for the conductor at 8T. Key design features of the

vrgw~

fe-
OH,

Fig. 1. Central solenoid layout and other details.

•Research sponsored by the Office of Fusion Energy, U.S. Dept. of
Energy, under contract W-7405-eng-26 with Union Carbide Corp.
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solenoid are described here. The 01^ and EF5 modules are layer wound
with transition joints (splices) made at the top of the winding. The
splices for the layer wound 0H2 are located at the bottom of the winding
(see Fig. 1). The splices are made between the terminations from adjoin-
ing layers by bending the conductor out of the plane of the winding.
Helium inlet connections are made at the splice, and the metallic tubing
from this connection is brought to the manifold located in the central
bore region. An insulating tubing is employed for electrically isolating
the helium port at the conductor splice from the common helium manifold.
At the bottom of the modules OHx and EF5, the helium outlet connections
are made by attaching metallic tubing to the conductor conduit. No
conductor-to-conductor splice is made on this end. The helium manifolds
and splices can be accommodated within a 20-cm axial gap between adjacent
modules. The solenoidal modules OHx and 0H2 are layer wound with two
conductors in hand in order to limit the helium pressure drop to less
than 3 atm in the cooling path length of roughly 360 m. The EF5 coil
is wound with a single conductor in hand. The layer winding approach
for these coils has the advantage of reducing the number of splices and
the helium manifolding as compared to the pancake winding approach. All
windings are epoxy impregnated. These windings are cooled with super-
critical helium (T « 4.0 K, P - 5 atm, T - 4.5 K, P «
2 atm). These inli£xf5d outlet cotillons for the°fillium are chSgln to
provide adequate heat removal capability under normal pulsed operation
and plasma disruption for cryostable operation.

The cable-in-conduit type internally cooled cabled superconductor (ICCS)
is used in the central solenoid (Fig. 2). The conduit thickness is
limited to 3 mm to assure leak free closure welds. The conduit can
withstand a maximum quench pressure of 285 atmospheres. The individual
conductors are supported by a c-shaped stainless steel channel

-Cu

-NbTt FILAMENT ( 5 > M )

CuNi BARRIER (iJUm)

COPPEROXIDE INSULATION ' (SJ,*)

1—MSB (NbTi«Cii»CvMi; STRANDS
[—'INSULATION O.C5MM

[ - S S CHANNEL 37MM

•—SS CONDUIT 3 . 0 3 MM

41.2MM 425MM

Fig. 2. ICCS conductor dimensions and configuration.
Preference: Oral session
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POLOIDAL FIELD SUPERCONDUCTING RING COIL CASE AND SUPPORT STRUCTURE
DESIGN* B. L. Hunter and R. J. Hooper, Fusion Engineering Design
Center/General Electric Company This paper describes the electromag-
netic loads acting on the superconducting ring coils in the class of
tokamaks being evaluated at the Fusion Engineering Design Center (e.g.,
FED, INTOR), the philosophy adopted for structural support of these
colls, approximate design rules useful in conceptual reactor studies,
and a specific application to the FED baseline device.

Electromagnetic loads on poloidal field ring coils arise from three
sources: 1) clamping forces due to the self-field of the coil, 2) axisym-
etric in-plane and out-of-plane forces due to the local field produced
by the other poloidal field coils, and 3) circumferentially periodic in-
plane and out-of-plane forces caused by the fringing of the toroidal
field. The amplitudes of the uniform and spatially varying components
are of the same order, so that consideration of the associated bending
effects is an important aspect of structural design of these coils.

The bending component has a strong influence on the design approach for
equilibration of forces on a single turn. It is found to be impractical
to design conductors to be self-supporting under the action of the
electromagnetic forces; consequently, forces on individual turns accumulate
from turn to turn and must be transmitted to a structural case which
provides the necessary structural support. The case is designed to
react all of the self-equilibrating electromagnetic forces; these include
the in-plane dilational force and both the in- and out-of-plane bending
forces. The out-of-plane uniform component of load is not self-equili-
brating and must be transmitted to the supporting structure.

Computational models used for initial sizing of the structural elements
and evaluation of the winding pack stresses are described. These models
lend themselves to hand calculations and are particularly useful in
conceptual design studies where speed and insight are the objectives
rather than extreme accuracy.

The design methodology described is applied to the FED baseline as an
illustration.

*Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.
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REPETITIVE PULSED POWER TECHNOLOGY FOR INERTIAL CONFINEMENT FUSION*

K. R. Prestwich and M. T. Buttram
Sandia National Laboratories

Albuquerque, NM 87185

Successful demonstration of inertial-confinement fusion in the laboratory
could lead to economic operation of small (200 MWe) to large (2 GWe) power
plants* Extensive engineering developments will be required to achieve
these goals. One element of this development would be to extend the driver
technology into the high average power regime.

In an economic power reactor, approximately 10% of the power generated will
be recirculated. Estimated driver efficiencies are 20% for ions and 5%
for lasers. The required pellet energy gain will be about 125 for ion
beams and about 500 for lasers. To achieve these gains at least 4 HJ of
ions or 10 HJ of laser light must be delivered to the target in less than
10 ns. A typical ion beam system would deliver 4 MJ to a target from a
20 MJ energy storage and operate at 1-10 Hz to deliver 180-1800 MW to the
power grid. A laser system would deliver 10 MJ to a target from a 200 MJ
energy storage and operate at 1 Hz to deliver 1.3 Gtf to the grid. These
examples indicate pulse generators producing 20-200 MW of average power
will be required.

The recirculating power would be used to store energy in either capacitors
or rotating machines. This energy is then transferred through several
stages of energy storage in successively shorter times until the desired
peak power is achieved. Time compression of 2-4 can be achieved with
light ion beam bunching and 30-50 with angular multiplexing or Raman
compression with lasers. The final electrical power pulse would be
20-40 ns for light ions and 300-500 ns for lasers.

Constraints on reactor vessel design will limit the number of beams to
20-40. Thus, a light ion beam reactor may have twenty 200 kJ beams
delivered to the target. Each of the beams will be generated with either
the full energy or a substantial fraction of it and gain the remainder
with post acceleration. The key issue in the light ion beam reactor program
will be the ability to develop an ion beam diode and transport system
suitable for repetitive operation. A high brightness ion beam source that
will maintain its properties for 10 - 10 pulses will be difficult to
achieve.

High voltage switching is another area where extensive development will be
required. Gas-dynamic spark gaps are one candidate for these switches. A
configuration that would give low prefire rates, nanosecond jitter and long
life is needed. An alternate solution is to use saturable magnetic cores
for switches. The switching is accomplished with rapid change in inductance

*This work supported by the U. S. Department of Energy under Contract
DE-ACO4-76-DP00789.
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when the magnetic Material saturates. Major problems to overcome with
these systems will be synchronization, jitter and a relatively small time
compression per stage*

The high voltage required for these systems would be generated by a Marx
generator or pulse transformer with the output time of the voltage source
being typically one microsecond for a Marx and several microseconds to milli-
seconds for a transformer depending on whether the initial energy store is a
capacitor bank or rotating machine. Marx generators have been operated at
10 kJ, 1 MV, 1 Hz for sustained runs. Transformers have been run to S kJ,
1.5 MV, 20 Hz.

An alternate system for medium or heavy ions that utilizes pulse power tech-
nology is the induction linac. In this case a large number of accelerating
gaps will be used to gradually increase the energy of the beam. Each pulse
power module would deliver a small fraction of the energy of the above light
ion beam system but the total number of components would be proportionately
larger.

A typical fusion laser candidate is an electron beam pumped short wavelength
excimer device, e.g., KrF. This requires a large area (~12 M ) low current
density (~10 A/cm2), high voltage (1 MV), 300 to 500 ns electron source.
Stability of the electron beam generation process (cathode emission stability)
is an issue together with the durability of the the foil anode through which
the beam is extracted into the lasing medium. The electrical pulse compression
required is less than in the ion beam case, but due to the lower efficiency
five times more energy storage is required.

Although extensive development will be required before a high average power
driver could be incorporated into an ICF system, no fundamental limitations
exist that would block this development if resources were available to
support it.
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NOVETTE PULSE POWER SYSTEM DESCRIPTION*

K. Whitham, D.J. Christie, D.G. Gritton,
R.W. Holloway, B.T. Merritt, and J.A. Oicles

Lawrence Livermore National Laboratory
P.O. Box 5508, L-494
Livermore, CA 94550

(415) 422-5940

SUMMARY

Novette is a large, two beam, two wavelength laser facility at

Lawrence Livermore National Laboratory. The Novette laser projected

performance exceeds that of the 20 arm Shiva laser and the frequency

multiplying capability provides more efficient target interaction.

Novette is comprised of the two arms of the Nova laser. New designs

allow these two arms to exceed the performance of the 20 arms of Shiva.

Assembling these two arms on an accelerated schedule allow the

experimental program to continue with minimum interruption. The laser is

currently operational.

More efficient laser amplifiers allowed the performance to be

achieved with half the capacitor bank used on Shiva. The pulse power for

Novette uses high-density capacitors, instrumented dual ignitron

switches, 100 KVA power supplies and a control system based on LSI/11

FEP's and fiberoptic links. The bank contains II MJ of stored energy at

22 KV. Construction of the pulse power took a year. The laser was

completed in about 18 months.

*This work was performed under the auspieces of the U.S. Department of
Energy by the Lawrence Livermore National Laboratory under Contract No.
W-7405-ENG-48.
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This paper is a summary of the pulse power systems for Novette; the

flashlamp power system described briefly above, the pulsers for the

various optical shutters and the various optical shutters and the pulse

power control system.

The paper gives a general description of the Novette laser system and

discusses each of the pulse power systems in greater detail, giving

description and operating experience.
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LIGHT ION FUSION TARGET DEVELOPMENT FACILITY PRE-CONCEPTUAL DESIGN

G.A. Moses, R.R. Peterson, R.L. Engelstad, E.G. Lovell, G.L. Kulcinski,
K.J. O'Brien, A.M. White, J.J. Watrous (University of Wisconsin)

D.L. Cook (Sandia National Laboratory)

The light ion fusion target development facility (TDF) will be used to
test high yield (~ 50-200 MJ) light ion beam driven ICF targets. This
facility has a designed lifetime of 15,000 shots over five years (10
shots/day) and is expected to be built following the successful operation
of PBFA-II. This places the TDF operation in the 1990-95 time frame and
demands that the design rely upon modest extrapolations beyond state-of-
the-art technology. A conceptual drawing of the TDF is shown in Fig. 1
and a list of its operating parameters are given in Table 1.

The pulsed power generator for TDF is a modest extension of PBFA-I and II
technology to higher levels of stored energy and more power per beam line.
There are 40 individual diodes and 20 return current terminals located be-
hind the reaction chamber first wall with 8 MJ of EM pulse energy de-
livered to the diodes•

The reaction chamber is filled with 20 torr of N£ gas to support the for-
mation of z-pinch plasma channels. These plasma channels are formed by
first firing a laser along the channel path to pre-ionize or excite the
cavity gas and then discharging a capacitor into the channels. Ions are
focused into these plasma* channels at the first wall and propagate through
them to the target. The exploding target creates a fireball in the N2 gas
and this fireball creates a transient overpressure and heat flux at the
first wall. This overpressure is accommodated by a first wall design con-
sisting of panels supported from behind by a tubular frame. The first
wall material is Al 6061 and was chosen from a study of seven different
metal alloys (Al 6061, Al 5086, Cu-Be C17200, Cu-Be C17600, HT-9, SS 304,
Ti-6A1-4V) as the best for meeting the- combined criteria of: strength,
thermal shock resistance, neutron activation and cost. The first wall is
conservatively designed to withstand both the maximum possible over-
pressure as well as the maximum possible heat flux from a 200 MJ target
explosion for 15,000 shots. These two conditions will in practice never
occur simultaneously and the nominal expected values for 20 torr of N2 gas
are comfortably bounded by these extremes.

The reaction chamber is shielded by a borated water shield that very ef-
fectively attenuates the neutron and gamma fluxes. It can be easily
drained to gain access to the target chamber. Acoustic waves in the
water, created by the vibrating chamber following an explosion, are
attenuated by introducing air bubbles in the water shield in a precise
way, so as to avoid reflection back toward the target chamber.

This work was supported by Sandia National Laboratory under contract
number DE-AS08-81DP40161.
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Table 1. Target Development Facility Operating Parameters

Target

Energy requirement

Yield

Radius

Driver

Energy in store

Energy at diodes

Diode voltage

Power at diodes

Pulse width at diodes

Plasma Channels

Length

Current

Number

Radius at firing time

Cavity Gas

Type

Cavity

Shape

Height

Figure 1

< 4 MJ

50-200 MJ

0.5 cm

15 MJ

8 MJ

4-30 MV

200 TW

40 ns

4. m

85 kA

60

0.5 cm

20 Torr N2

cylindrical

6 m

Light Ion Beam

Diameter 6 m

Max. overpressure at
wall

Kax. energy flux

Shot rate

First Wall

Material

Thickness

Design

Number of panels

Panel Width

Panel height

Fatigue life

Shield

Type

Target Development

1.7 MPa

53 J/cmZ

10/day

Al 6061

3 cm

Solid plate

panels sup-
ported by
frame

60

0.47 cm

2 m

1.5 x 10*

Borated
water with
air bubbles
to suppress
acoustic
waves

Facility

ITAMtTCIUMMIt

IDUCMOnKPOItT
tHAMMAKX

OBOKATOH j*cnoN-wwra
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Cascade: A Centrifugal-Action Solid-Breeder Reaction Chamber

John H. Pitts
Lawrence Livermore National Laboratory

University of California
Livermore, California 94550

SUMMARY

The Cascade concept represents a fresh approach to developing an
ultrasafe, easily fabricable reaction chamber in which the energy released
by inertial-confinement fusion can be captured and used for producing
commercial power. In the Cascade concept (see figure), the reaction
chamber rotates along a horizontal axis, and solid Li20 pebbles are
injected tangentially through each end of the chamber at a peripheral
speed approximately equal to that of the adjacent pebbles inside the
chamber. The pebbles are held against the wall of the chamber by
centrifugal action and cascade axially from the smaller radii at the ends
to the larger radius at the center. Here, the solid Li;?0 pebbles are
flung out of the chamber through apertures into a stationary pebble
catcher. The pebbles are then transported to heat-transfer loops, to a
tritium-removal facility, and to a reprocessing facility; finally, the
pellets are reinjected into the chamber.

As the pebbles cascade axially toward the center, they follow a helical
pattern and experience an increasing centrifugal force that is
proportional to the chamber radius. The shape of the chamber wall is
designed so that the largest slope is present at each end. Hence, the
velocity of pebbles along the chamber wall in the axial direction is
largest at each end, and a constant pebble thickness adjacent to the wall
exists to satisfy continuity of pebble flow. This constant thickness
(about 1 m) offers nearly uniform protection of the wall from the
high-energy neutrons generated in the fusion process.

A vacuum is maintained inside the chamber, and fusion-fual pellets, each
with a nominal yield of 600 MJ, are injected horizontally from one end at
a rate of five pellets per second. Laser or ion beams, focused from each
end on the center of the chamber and pulsed as each pellet reaches the
focal point, are used to ignite the fuel pellets.

This paper discusses the conceptual design of the Cascade chamber. We
show that shock propagation to the chamber structural wall, resulting from
the deposition of x rays, debris, and neutrons in the solid Li^O
pebbles, produces only moderate stresses that are within the limits
permitted with present-day materials. Some breakup of the pebbles due to
x-ray and neutron deposition is expected, but this will produce only small
effects on the operation of the chamber and will actually ease the removal
of tritium from the pebbles. Although Li^O was selected because it has
a very high tritium breeding ratio (TBR) of about 1.4, other solid
breeders (e.g., LiAlOg with a TBR of about 0.9) are feasible if neutron
multipliers are incorporated. We show that stresses produced due to the
weight of breeding material and chamber rotation (about 30 rpm) are
acceptable. Heat transfer between the solid pebbles and the chamber wall
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is small enough to permit flexibility in design of the wall. Presently
available steel may be used with nominal external cooling, or more exotic
materials may be used without external cooling.

One major advantage of the Cascade concept is its inherent safety: it
does not use liquid lithium, a major component in many other inertial-
fusion reaction-chamber concepts with potential safety hazards. The
Cascade concept also offers the potential for improved power-plant
efficiency because the high maximum Li^O blanket temperature (up to
about 900°C) permits possible use of a helium gas-turbine topping cycle.
In addition, the inherent safety of Cascade permits use of waste heat for
low-grade industrial processes and space heating in a cogeneration mode.

A number of issues remain to be resolved. Experiments may be required to
quantitatively determine erosion of the chamber wall by the solid
pebbles; however, we are encouraged by the fact that large gravel-
crushing and ore-grinding equipment has a reasonable lifetime.
Minimization of tritium inventory in the solid Li^O blanket and
economical tritium recovery methods need to be examined. Power conversion
equipment needs to be optimized to take advantage of the high temperature
potential of the chamber.

In sum, the Cascade concept offers a new option for developing safe,
efficient, and flexible inertial-fusion reaction chambers for future
commercial-power generation.

Pebble catcher

L L O pebble
feed

Laser or ion beams
Pellet

injection
Power drive
for rotation
and support

Li2O outlet
to heat transfer

loops and T- removal
facility

Cascade: A Centrifugal-Action Solid-Breeder Reaction Chamber

Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under contract no. W-7405-ENG-48.
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DESIGN CONSIDERATIONS FOR DIRECT-ILLUMINATION-DRIVEN
INERTIAL FUSION REACTORS

Jack Hovingh
Lawrence Livermore National Laboratory

University of California
Livermore, California 94550

SUMMARY

Inertial fusion reactors for power generation require high energy drivers
to compress and ignite the fusion fuel pellet. There are two techniques
for irradiating the fuel pellet: radiation-driven pellets, and
direct-i11umination-driven pel 1ets.

The radiation-driven pellets have a high-Z radiation case and convert the
driver beam energy to x rays. This radiation case provides a
hohlraum-like region which results in relatively uniform irradiation of
the pellet with as few as two driver beams. The direct-illumination-
driven pellets absorb the driver energy in the expanding plasma from the
fuel capsule. Direct drive pellets require a large number of globally
distributed driver beams to produce sufficiently uniform coupling of the
driver energy to the spherical ablator shell of the pellet. Velocity
asymmetries must be kept to less than about 4%.

Recent conceptual designs for inertial fusion power reactors are
configured for the radiation-driven targets. These designs usually
feature high f/number driver beams entering the reactor cavity from
essentially two sides. The purpose of this study is to parametrically
examine the implications on inertial fusion reactor design of the use of
direct drive pellets as an alternative to the radiation-driven targets.
Although the gains for direct-illumination targets are expected to be
less than rad-driven targets, we took them to be equal for the same
driver wavelength and energy until the current physics experiments
clarify the situation. We have examined the impacts of direct
illumination on mirror damage constraints, reactor neutronic performance,
and system energetics and cost.

A parametric analysis of damage to the final focusing mirror from both
the laser light and the fusion x-ray energy was performed. The use of 10
Torr-m xenon gas will protect the mirror surface from both the pellet
debris and x rays. If neutron damage determines the lifetime of the
mirrors, the use of low f/number optics for direct-illumination targets
will require more change-outs than the high f/number optics associated
with radiation-driven targets. This will reduce the plant availability
with a resultant loss of revenue.

The neutronic performance of both a lithium and a Li-|7Pbs3 blanket
was analyzed. The maximum solid angle of beam penetrations through the
blanket will be limited by the tritium breeding ratio. The fusion energy
lost through the beam ports represents a substantial loss of revenue from
the power plant.
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A comparison of the performance of a direct-iHum'nation-driven ICF power
plant using 20 beams and f/3 final optics with a radiation driven power
plant using 2 beams and f/50 final optics using either a lithium or a
L117pb83 blanket is shown in Table I. The LiyPbg? blanket
results in an unacceptable tritium breeding ratio less than one in the
direct illumination system. For a fixed fusion energy gain (nQ) of 10,
where n is the laser system efficiency and Q is the pellet gain, the
ratio of the net power to the gross power produced is about 10% less for
the direct illumination system than for the radiation driven system.
Thus, for the same cost of electricity, the allowable capital cost of the
direct-illumination-driven power plant must be 10% less than that of a
radiation-driven power plant, which for a $28 plant, represents $200M.

The target factory of a direct-illumination plant will be less expensive
than that for a radiation-driven plant because the direct-illumination
targets are less complex than the radiation-driven targets. However, the
direct-illumination-driven power plant will require a more complex and
costly reactor and containment structure to accommodate the globally
distributed laser beams and optics than a radiation-driven power plant.
This complex reactor eliminates several design options for protecting the
first wall from the fury of the fusion reactions.

We conclude that the capital costs for low f/number, direct-illumination-
driven inertial fusion power plants are required to be significantly less
than those for the radiation-driven power plants to produce electricity
at the same cost. High f/number direct illumination solves the neutron
damage problem and doesn't degrade the tritium production or blanket
performance. But it does suffer from the extra costs of globally
situated optics and lack of reactor concepts.

Table I. Comparison of Direct-Drive Reactor System
With Radiation-Driven Reactor System

Optics

Number of beams

Tritium breeding ratio
Lithium
Lil7pb83

Blanket multiplication
Lithium

Net/gross power ratio (nQ
Lithium
Lii7Pbo-i

= 10)

Direct Drive

f/3

20

1.0
0.6

0.90
0.87

0.59
0.58

Radiation Drive

f/50

2

1.3
1.1

1.2
1.3

0.66
0.67

Work performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under contract no. W-7405-ENG-48.
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THE SCEPTRE HIGH-TEMPERATURE REACTOR CONCEPT FOR INERTIAL FUSION

Michael J. Monsler and Wayne R. Meier
Lawrence Livermore National Laboratory

University of California
Livermore, California 94550

SUMMARY

SCEPTRE is fundamentally a gas-cooled high-temperature inertial-fusion
reactor that borrows heavily from HTGR fission technology. It offers the
potential for (1) generating electricity at 50% efficiency, (2) providing
high temperature heat (850°C) for hydrogen production, or (3) producing
fissile fuel for light-water reactors. The chamber configuration is
intrinsically free of catastrophic fire or tritium-release hazards.

The key to the SCEPTRE concept is the encapsulation of a lithium-bearing
compound in small particles, each of which is coated with alternate layers
of pyrolytic carbon on SK. These coatings serve both as a diffusion
barrier and a pressure vessel. Similarly coated fissile-fuel particles
[^ 0.03 cm in diameter), capable of containing all fission- product
gases, are within current operating experience in the U.S. and Great
Britain. Layers of a suitable oxide, such as BeO, may be added to form a
tritium barrier, and an unburnable outer layer of SiC will ensure fire
safety in any postulated accident sequence. The design of a particle with
suitable tritium-migration barriers is the first crucial issue, still to
be worked out.

The geometry of the reactor (shown in the figure) is that of a sphere
within a cylinder. The spherical reactor cavity consists of a porous
f?rst-wa7 7 structure, through which flows pure liquid lead. The x ray and
debris energy is deposited in the liquid lead, and a spray of liquid lead,
in the space just outside the spherical shell, cools and condenses hot
vaporized lead. The shell is surrounded by a neutron blanket which
consists of a dense array of vertical 20-cm-diam pipes filled with the
coated lithium-oxide tritium-breeding particles and headed by toroidal
inlet and outlet manifolds for the helium coolant. The pipe array forms
the cylindrical portion of a right circular cylinder; this is a convenient
geometry for easily replacing the inner first-wall structure without
disassembling the neutron blanket. The top and bottom blankets of the
reactor are neutron reflectors made of He-cooled graphite. Two-
dimensional neutronic calculations were performed to demonstrate that
tritium breeding in only the radial zones was sufficient. The entire
reaction chamber is housed in a prestressed concrete reactor vessel
(PCRV), similar to an HTGR.

The blanket configuration appears to be immune to a liquid-metal fire
hazard, which could involve the release of tritium or activated materials,
because (1) the lithium is in the form of a high-temperature ceramic, (2)
the tritium inventory is encapsulated in 10^ independent ceramic
particles, and (3) the first-wall coolant of liquid lead has a negligible
affinity for dissolved tritium.
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Automatic devices for continuous supply and removal of breeding particles
are located in the upper and lower helium manifolds; they assure a very
slow, but steady, gravity flow of coated spheres fay gravity through the
helium pipes. Removal of tritium from the particles will be accomplished
either by raising the temperature or, if necessary, by crushing the
particles. While crushing solves the difficult problem of in-situ tritium
recovery from solid lithium compounds, it may result in a significant
fuel-cycle cost.

SCEPTRE will operate at a fusion power of 3 GW with a driver energy of
3 to 4 MJ, gains of 150 to 200, and repetition rates of ̂  5 Hz. An
advanced gas-turbine cycle and steam-bottoming cycle is envisioned to have
an effective efficiency of 50%, resulting in a net output power near 1400
MW(e).
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Work has been performed under the auspices of the U.S. Department of
Energy by Lawrence Livermore National Laboratory under contract No.
W-7405-ENG-48.
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TECHNICAL RISK ASSESSMENT FOR
INERTIAL CONFINEMENT FUSION*

W.G.Steele, T.J. McCarville, D.H. Berwald, S.L. Salem, J.D. Gordon,
TRW Energy Development Group

A study is underway to define a research and development plan leading
to the commercialization of inertial confinement fusion. This plan
is directed toward a small scale commercial demonstration plant (̂ 150
MW ) possibly by 2010. The R&D plan will examine the major ICF
driver options (KrF laser, light ion diode, heavy ion accelerator)
and examine the potential alternative application of a hybrid
reactor. A funding sensitivity will be analyzed to determine the
technology limited rate at which ICF can be developed. This summary
paper will discuss the large effort exerted to date that has established
the basis for formulating the R&D plans.

The basic groundwork on this project has been to establish the develop-
mental goals and to identify and rank the technical uncertainties
facing ICF. This uncertainty ranking is the basis for personal inter-
views to be performed within the ICF relevant technical community.
The experts will provide opinions on the magnitude of the developmental
effort required on these critical issues.

Since there is no commercial ICF program at present, and the current
DOE program is directed toward military applications with single
shot drivers, the characterization of ICF development consists of
logical scenarios that might be followed^). Attractive characteristics
of an ICF plant around 2010 have been developed. An electrical output
of 150 MW was chosed to allow for a compact system to be designed.
A factor of six from commercial size has some historical basis for
fission reactors and it is of sufficient size to demonstrate scalability.
The important product of driver efficiency, r\, and pellet gain, G, is
a critical performance indicator that must be demonstrated to insure
commercial viability. A hybrid application is still practical at
a lower nG value, which allows for reduced system performance that
still results in an economical system. An economical means of mass
producing pellets is an absolute must at this development point. The
reactor should demonstrate a potentially high availability and is
expected to operate for an extended period to demonstrate some
component lifetimes and system safety. The major addition for the
hybrid application is to fully demonstrate the complete fuel cycle.

For the technical uncertainty ranking process, an existing ICF systems
code(2) w a s modified to perform relevant systems sensitivity studies.
HYLIFE^3), HIBALL(4), EAGLE^5) and HYLIFE-hybrid^6) reactor concepts
were characterized and incorporated as models in the systems code.

*Performed for the Electric Power Research Institute under
Contract No. RP 1972-1
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The computer studies highlighted the design sensitivity to numerous
system parameters (e.g., pellet gain, driver efficiency, cavity pro-
tection scheme). The most complete figure of merit for the studies
was determined to be $/kWe installed. Although some detail is lost
through the integration of subsystems performance into a global
economic figure of merit, economic concerns will determine the ultimate
attractiveness of ICF. The fundamental issues confronting ICF were
determined to be the most crucial to its development. These are pellet
gain, driver development and energy transport efficiency, and pellet
fabrication. Also very important are issues related to the cavity
protection scheme; most notably the reestablishment of conditions.
Items of lesser importance are treated in a generic fashion. These are
pellet injection/tracking, pellet debris cleanup, and materials life-
time issues.

The final input to the ICF R&D plan is to interview the leading experts
in the previously identified technical fields to extract important R&D
information. An interview process has been developed and successfully
tested. The interview results have been found to provide valuable
estimates on developmental times. The interview process also provides
detailed information concerning the speed with which the subsystems
can develop. These rate limiting steps are the key uncertainties and
are at the heart of an R&D plan.
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DIVERTOR TARGET DESIGN FOR THE
UWTOR-M MODULAR STELLARATOR POWER REACTOR

R. Sanders and I.N. Sviatoslavsky
University of Wisconsin

Department of Nuclear Engineering
Madison, Wisconsin 53706

Modular stellarators offer a unique opportunity for innovative divertor
target designs by virtue of the discreteness of their diverted flux
bundles. Well focussed flux bundles leave the separatrix at discrete
locations emerging from the toroid between the coil legs and then reenter
the toroid.

UWTOR-M' ' is a 4800 MWth modular stellarator power reactor with 18
twisted coils and 108 divertor slots. Each divertor slot has two
cylindrical divertor targets as shown in Fig. 1. The cylinders are
nominally 2.5 m long and 60 cm in diameter. The divertor targets consist
of stationary actively cooled shield cores which have rotating graphite
surfaces surrounding them as shown in Fig. 2. The graphite shells are
supported at both ends by bearings and are driven at ~ 100 RPM. They
absorb the brunt of the surface heating, while the streaming neutrons are
attenuated by the shielded cores. This high grade energy is then
converted at a high efficiency in the power cycle.

Finite difference methods were used in a computer code to study the heat
transfer from the shells. Because of the large surface area of the
targets, the average surface flux is only 31 W/cm . Depending on the
assumed emissivity of the graphite, its surface temperature falls between
1500-1600 C. Thermal conductivity of graphite has a range of 0.015 -
2.0 W/cm C depending on the type of graphite and its directional
orientation. Thus, the surface temperature fluctuation can be anywhere
from 30 C to 300 C, depending on the assumptions made. Changing the
rotational speed from 50-200 RPM has a marginal effect on the temperature
profile. It was found that a simple graphical relationship between two
dimensionless variables could predict, with reasonable accuracy, the
magnitude of the surface temperature fluctuations.

The external graphite layer is separated from a metallic structural frame
by carbon insulation. Most of the energy is radiated from the surface
with very little conduction inwards. Because of this, the surface
temperature is insensitive to the thickness of the outer graphite
layer. Surface erosion due to sputtering and chemical reactions, even
under the most pessimistic assumptions, does not pose a problem.
Sufficient graphite thickness can be provided to last between scheduled
maintenance periods of approximately three full power years.

Space for bearings and drives is provided by the discreteness of the flux
bundles. It would be impossible to implement such a scheme on any other
magnetic fusion concept.

383



References

1. B. Badger, et al., "UWTOR-M, A Conceptual Modular Stellarator Power
Reactor", UWFDM-550, Fusion Engineering Program and
Torsatron/Stellarator Lab., University of Wisconsin, Oct. 1982.

ROTATING SHELL.

PUMPOUT

SHIELD

STATIONARY

PUMPOUT PORT

^CHARGED
PAHTICLrS

Figure 1 CROSS SECTION OF
OIVERTOR TARGETS

6-

ROTATING SHELL:
STRUCTURE
7.5 mm CARBON INSULATION
2mm GRAPHITE

METALLIC COVER
ACTIVELY COOLEO SHIELO

MOT TO SCALE

Figure 2

CROSS SECTION THROUGH LENGTH of DIVERTER TARGET

384



EVALUATION OF HELIUM CRYOPUMPING USING CHARCOAL SORBENT

A. Tobin and D. Sedgley
Grumman Aerospace Corporation
Bethpage, New York 11714

The production of helium in a deuterium-tritium fusion reactor represents a
vacuum system throughput of unprecedented proportions. The rate is more than
15 torr-liters per second for each 1000 MW of fusion power, so that the total
pumping speed for a reactor such as STARFIRE or MARS is projected to be a in
the millions of liters per second. The most viable method and perhaps the
only possible method for pumping large helium quantities is to cryopump on
surfaces near the ambient boiling temperature of helium.

Methods of helium cryopumping studied include the use of cryotrapping with a
working fluid such as argon gas, and use of cryogenically cooled sorbents,
such as molecular sieves and charcoals. Although none of the alternative
methods has been optimized, the charcoal concept produces pumping performance
and capacity comparable to or better than others.

Recent work performed at BNL (Ref. 1 and 2) has shown the potential of
"activated" charcoal as a helium sorbent. Two techniques used to bond
charcoal granules to cryopumping backing were evaluated but neither of these
techniques proved to be entirely satisfactory. In the present investigation,
attempts were made to improve both charcoal particle size distributions and
bonding methods in order to optimize the charcoal performance for pumping
helium. In addition, efforts are being made to identify alternative grades of
activated charcoal for helium cryopumping that might show improved pumping
capacities.

Three grades of activated charcoal have been examined for bonding These
grades have internal surface areas ranging from 1100 - 1300 m2/g. Two of the
grades are based on coconut charcoal, and the particles are irregularly
shaped. The third contains cylindrically shaped particles of varying height
and is of unknown origin. Optimization studies of particle size distributions
have shown that the largest particle sizes for each type yield the highest
surface mass densities (i.e. g/cm ) of charcoal.

The bonding schemes for attachment of the charcoal particles to the
cryosupport substrate include brazing, inorganic adhesives and mechanical
retention.The charcoal particles were brazed to a metallic substrate
Excellent wetting and bonding of the braze alloy to the charcoal and to the
substrate were observed; however, flow of the braze into fissures in the
charcoal was also noted. This bonding scheme is shown in Fig. 1a. Cooldown
of the brazed composite to liquid nitrogen temperatures had no effect on
adhesion of the brazed particles to the substrate.

Two approaches were employed using inorganic adhesives for the retention of
charcoal granules. The first involved mixing of the charcoal with the bonding
agent as a binder and curing at elevated temperatures. This is shown in Fig.
1b. The second method involved the preparation of a thick film of ceramic
binder which was painted onto a support substrate. The charcoal particles
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were embedded into the surface of the ceramic paint, air dried at ambient
temperature and subsequently heat cured. This is shown in Pig. 1c. Cooldown
to liquid nitrogen temperature did not result in significant debonding of the
charcoal particles.

Mechanical retention of the charcoal particles involved use of a metallic
screen. Strips of titanium sheet were spot welded along the sides of a
titanium back plate to form a 0.25 in. high retaining wall for the charcoal
granules. A 0.25 in. layer of charcoal granules was poured in the space
confined by the retaining walls and a stainless steel screen was spot welded
to. the retainer walls.

Specific pumping speed vs pumping capacity data will be presented for each
charcoal bonding method and comparisons with published results for other
helium cryopumps will be made.
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Fig. 1 (a) Brazed Charcoal, (b) Charcoal mixed With binder,
(c) charcoal embedded in binder (10x)
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PRELIMINARY DESIGN OF THE MARS HALO PLASMA SCRAPER

J. Erickson, T. Luzzi, D. Sedgley, Grumman Aerospace Corporation

The Mirror Advanced Reactor Study (MARS) is a design of a first generacion,
3500 MWe commercial tandem mirror reactor. This paper discusses the pre-
liminary design of a halo plasma scraper. The purpose of the halo plasma is
to prevent high 2 impurities from entering the core plasma of the reactor
central cell and to remove most of the helium ash of the DT reaction from the
reactor. The scraper design consists of a conductance channel, target and
vacuum pumping equipment. The target will remove the energy of and neutralize
the scraper flux. The conductance channel limits the flow of the neutralized
flux back into the direct converter chamber.

The configuration of the halo plasma scraper is quite unusual. It is determined
by the magnetic field configuration, the desired heat flux on the leading edge,
and especially by the requirements for vacuum pumping at the correct pressure.
For this exercise we assumed that the charged particle power is uniformly dis-
tributed in the halo plasma, so that the power density at any point is equal
to 40.15MW divided by the halo area. The halo area is determined using magnetic
flux conservation, i.e. the product of field strength and area is always constant
for the halo.

The halo scraper is a blade that defines an 8.8m channel into which the halo
plasma flows. It completely surrounds the main direct converter flux. The
leading edge of the blade is located on the boundary between the main plasma
and the halo plasma at a constant magnetic field strength and sees lMW/m of
power density. The blade then follows the main/halo plasma boundary for the
full channel length which is determined by the vacuum pumping requirements.

The halo scraper blade requires support struts to stiffen -it because it is
very long and thin with little out-of-plane stiffness. The struts are of
various lengths but each must pass through the halo plasma. Therefore, the
heat load on them is high and they effect the conductance of the channel for
the particle flow calculations.

A thermal analysis of the four halo scraper components was conducted. The
components are the target, conductance channel support struts, the scraper
leading edge and the channel wall. The material considered for the scraper
is AMAX-copper and the coolant scheme is turbulent flowing water. For the
components, two types of cooled surfaces are considered, one has a fully
cooled back and the other a back with spaced coolant channels. An analytical
model was developed to determine the spatial variation of the material tempera-
ture for the two-dimensional spaced channel case. The conductance channel
leading edge and the support struts experience the most severe heating loads
and are, therefore, fully cooled designs. The target can either be fully-
cooled or have spaced channels depending upon its location along a magnetic
flux line in the direct converter. The channel wall experiences a relatively
low heating rate. Reference design and performance criteria are given for the
scraper and an analysis of the design was conducted at various locations along
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the Magnetic flux lines. There are 1320 coolant channels in the scraper.
The coolant flow is 820 GPM and the pumping rower is 1.7kw. A halo scraper
thermal system study was made for the reference design at the reference design
scraper location. The five performance variables of maximum surface temperature,
system pressure, coolant flow rate, coolant pumping power and the combined thermal
and pressure stresses was determined with varying coolant outlet temperature. An
Interesting result if the behavior of the system pressure with increasing coolant
outlet temperature. The pressure required to prevent boiling rises with increasing
coolant outlet temperature. The pressure drop falls with increasing coolant outlet
temperature due to decreasing coolant flow rate. The combined effect results in
a system pressure that is flat to about 120°C and then rises steeply.

The vacuum pumping system is designed to remove continuously the gas load which
passes from the reactor central cell in the halo plasma to the halo scrapers in
both end tanks. The gases are helium from the fusion process and deuterium-tritium
which aust be pumped because of inefficiencies (low franctional bumup) of the pro-
cess. The halo particle load is equally distributed between the halo scrapers in
the electron tank and the direct converter tank ends. The performance required of
the continuous cryopumping system was calculated for the halo scrapers. The pump
speed is 1.62 X 10 liter/s in each of the halo scrapers. The halo effective
speed is based on a total pressure of 10~4 torr maintained in the scraper. This
pressure value was selected for the given plasma conditions as a compromise be-
tween the required effective speed which varies inversely with the pressure, and
the size of the scraper which increases with the pressure. Cryopumps were chosen
as the preferred method because of their ability to be configured for the specified
high pumping speeds. Excess capacity is included in each pumping module for regen-
eration. Alternative configurations were evaluated prior to selection of the
baseline cryopumping system. The evaluations included alternative cryopump concepts
and halo scraper configurations. Three pump concepts were evaluated to determine
the one most appropriate for the MARS baseline: Two compound pumps, each with two
impedances; and a single stage, single impedance pump. Compound pumps are so-
called because helium and. hydrogen isotopes are pumped on separate surfaces. In
the single stage pump, helium and hydrogen are pumped on one surface. The effect
of the three alternative pump configurations on pumping speed was evaluated. The
single stage cryopump design concept was selected as the MARS baseline because of
its simplified design and improved pumping speed (smaller pumping units). A study
was made to determine the practicality of reducing pumping speed to a range where
alternative pumping concepts such as turbomolecular pumps could be considered. To
reduce pump speed while maintaining a scraper size comparable to the baseline, the
plasma density and heat flux must increase. Two arbitrarily selected plasma con-
ditions were picked for comparison to the baseline. The consequences of the low
pump speed option are presented.

This paper presents the first preliminary design of a halo plasma scraper system
for a tandem mirror power reactor.
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MARS END PLASMA TECHNOLOGY - DESIGN OF A LARGE VACUUM END TANK

John L. Erickson, Grumman Aerospace Corporation

The MARS conceptual design of a 3500 MVe tandem mirror reactor includes
a plasma direct converter and halo plasma $crapcr system to handle
834 MW of charged particle power. The vacuum tanks located at each end
of the machine are major cost items requiring innovative design to
control costs while meeting the technical requirements. The end tank
at the ion collector end is especially large (J7,50Om3) and odd-shaped
i.e. flat instead of cylindrical.

In order to handle the power to the end, the end leakage plasma must
be expanded sufficiently that the heat load on direct converter com-
ponents is -acceptable. In the MARS design, the plasma fan is expanded
in a vacuum tank to map onto a grid area of 240m2. Ultimately, this
expansion tank and component housing must be 10m x 32.5m x 60m.

Other design requirements are placed on the end tank in addition to
vacuum integrity. Foremost among these is access for remote main-
tenance of the halo scraper, vacuum pumps, and direct converter
components. Grid lifetime is expected to be on the order of first wall
lifetime. Another critical issue is the cost of the end tank which
could be estimated to cost as much as $100 million.

The atmospheric force on a vacuum wall the size of the top and bottom of
this tank is 200 x 306N (44 x I06#). The most direct way to react these
crushing loads is by compression members passing from one wall to the
other through the plasma fan. However, these members would introduce
other problems such as severe heating of the column members, the effect
of placing grounded structure in the cold plasma, and losses in system
efficiency due to interception of a fraction of the beam. Without
compression members, supporting these loads across a 32.5 m span is a
formidable task.

Several options were considered for supporting the flat-plate vacuum
boundary including: a flat plate design stiffened by reinforced
concrete members; a steel truss design; a bridge-like suspension
system; and a concrete barrel shell design. The steel-stiffened
and truss designs are the most expensive while the concrete-
stiffened and suspension designs make allowing for remote maintenance
access more difficult. Therefore, the concrete barrel shell supporting
the vacuum loads on a flat-plate vacuum boundary through tension
members is the chosen design.

The plasma fan expands rapidly as it leaves the outer anchor coil
which is a cee-coil centered at Z - 96m with a major radius of 2$m.
The leading edge of the halo scraper is located on a constant aagnetic
field strength line at the boundary between the main plasma and the
halo plasma. Since the scraper inlet is 8.8m long with pumping
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plenums located at the end of the inlet, it is a major factor defining the
required end tank size. Due to the rapid expansion of the plasma fan in the
horizontal plane, the interface between the cylindrical end cell vacuum tank
and the flat end plasma tank is in the vicinity of the yin-yang anchor coils.
This has a severe effect on the maintenance procedures for these coils and
complicates the design of the barrel shell support foundation.

The tank itself is made up of welded 1.9 cm(3/4") stainless steel plate.
Mechanically fastened to the plates are back-to-back stainless channels to
serve as stiffeners and to transfer the vacuum loads from the plates to the
tension members leading to the barrel shell. The back-to-back channels run
across the 32.5m dimension of the tank and are spaced on 3m centers. The 3m
spacing between stiffeners provides for access ports through which direct
converter components are moved and cryopumping modules are mounted.

The support-structure is a ,5m thick concrete shell stiffened by integral
reinforced concrete beams to which the tension members from the vacuum tank
are attached. It has been designed using 2500 psi as the peak stress in the
concrete. Since the vacuum loads on the upper and lower surfaces of the tank
are identical, the barrel shell is symmetric about the mid-plane except for
some variation in the foundations. The tension members on the lower side of
the tank are compression members due to gravity loads when the vacuum is not
pulled. Remote maintenance of components located in the end tank is accom-
plished using access ports on the ends and on top of the tank. Overhead
cranes run on rails mounted on the barrel shell between the tension members
and are used primarily for maintaining the modular cryopumps which hang from
the upper tank wall.

A preliminary cost estimate for this end tank and support structure is $55
million of which $50 million is for the tank itself and $5 million is for
the barrel shell structure. The cost of the end tanks and support structures
for housing the MARS end plasma technology subsystems is therefore a major
cost element both in terms of capital outlay and in real estate. The need
for an innovative approach to supporting such a large area vacuum vessel is
clearly a part of the quest for a cost effective tandem mirror reactor. One
such approach is the reinforced concrete barrel-shell support of a flat plate
vacuum boundary summarized here.
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FED PUMPED LIMITER CONFIGURATION ISSUES*

J. R. Haines and G. M, Fuller
McDonnell Douglas Astronautics Company/

Fusion Engineering Design Center
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Impurity control in the Fusion Engineering Device (FED) is provided
by a toroidal belt pumped limiter. The key limiter design features
which affect limiter performance are: (1) poloidal location of the
limiter belt; (2) poloidal shape of the limiter surface facing the
plasma; and (3) single- or double-edged blade for plasma particle
pumping from either one or two sides. Evaluation of these pumped
limiter design features was performed in support of the FED/INTOR design
effort. Since the feasibility of using a pumped limiter depends upon
whether a reasonable erosion lifetime can be achieved, identifying the
optimum limiter location and configuration was essential. Also, because
the plasma edge conditions are highly uncertain for FED, a limiter
design that is tolerant of a wide range of plasma edge conditions is
desirable. The sensitivity of the pumped limiter heat and plasma
particle fluxes to changes in plasma edge conditions for various loca-
tions and configurations is the subject of this paper.

Three toroidal belt limiter locations were considered for FED,
including the outboard vertical facet, the outboard 45° facet, and the
bottom facet. The bottom location was found to offer increased tolerance
to plasma edge conditions. The cause of the lower heat and plasma
particle loads for the leading edge of the limiter located at the
bottom of the device is the spreading of the magnetic flux surfaces in
this region.

Assuming that the plasma edge conditions are known, a limiter can
be contoured or shaped to maintain either a constant heat flux or particle
flux. A contoured limiter is more sensitive to changes in plasma edge
conditions (changes in the heat flux e-fold distance, \Q, for example).

The benefit of a lower heat flux at the reference plasma edge conditions
(i.e., conditions used for contouring the limiter) can be lost if the
actual conditions are different. For example, if the actual XQ is one-
half of the reference \Q used for designing a contoured limiter, then

the heat flux on the contoured limiter with a single leading edge will
be greater than on the flat limiter. However, despite its larger
sensitivity, compared to the flat limiter, a contoured limiter with two
leading edges has lower heat fluxes for the full range of uncertainty in
plasma edge conditions.

•Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation-
Nuclear Division.
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The ability to adjust the amount of pumping has been identified as
a desirable feature for FED. Therefore, the sensitivity of the fraction
of particles that pass into the limiter pumping slot (and, therefore,
can potentially be pumped) to movement of the plasma relative to the
limiter was determined. Particle pumping with two leading edges is
insensitive to this type of movement. Movement of the plasma towards
one leading edge increases the pumping at that leading edge but decreases
the pumping at the other leading edge by about the same amount. However,
the amount of pumping (or leading edge heat flux) can be significantly
increased or decreased for a single-edge configuration. For example,
moving the plasma relative to the single leading edge by +5 cm (cor-
responds to a major radius change of 5 cm for a bottom location limiter),
changes the fraction of particles passing behind the single-edged limiter
by about ±4%, compared with a 10% particle pumping fraction at the
reference plasma/lioiter location.

Results of these studies were used to support the design selection
for the FED pumped limiter. The FED toroidal belt limiter is poloidally
flat and located at the bottom of the device with a single leading edge.
Advantages of this design, which are established in this paper, are
relatively low sensitivity to changes in plasma edge conditions (i.e.,
changes in heat flux e-fold distance) and the ability to adjust leading
edge conditions (particle pumping fraction and heat flux).
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A LONG PULSE IGNITKD TEST EXPERIMENT (MTK)

L. Brombcrg, D.R. Cohn and J.E.C. Williams
Plasma Fusion Center*

Massachusetts Institute of Technology
and

D.L. Jassby
Princeton Plasma Physics Laboratory *

Princeton University

High performance resistive magnets can be used to minimize the size and cost of a tokamak which has the
capability of long pulse operation. In this paper we describe the design features of such a device called
LITE, for Jong-pulse ignited test experiment.

Tiic objectives of LITE are:
• Demonstration of ignition (plasma heating supplied entirely by fusion alpha particles)
•Long pulse (~ 30 sec) operation at or near ignition with substantial power production ( > 100 MW)
•Very long pulse (e.g. 1000 sec) operation in reactor-grade hydrogen plasmas; tests of curent drive

LITE could provide engineering experience with a prototypical nuclear core (reacting plasma and first
wall), as well as important blanket and shield investigations. This experience would include:

•Use of particle and power handling technologies for long pulse operation
•Control of burning plasmas
•Tritium systems and remote handling
•High flux blanket component testing

A high machine performance/cost ratio is obtained in LITE by the use of high performance resistive mag-
nets with little or no shielding between die plasma and tine inboard side of the toroidal field (TF) magnet
The Bitter design utilizes quasi-continuous copper plates which provide stiffness that facilitates high field
operation. In addition, it provides a much larger amount of conductor dian wound magnets, resulting in
significantly reduced resistive power requirements. The Bitter design could also result in longer insulation
life under irradiation since the stresses on die insulator are mainly coniprcssive, and sheets of insulation
could be used; an insulator life of— 105 s may be possible with no shielding.

Illustrative parameters for LITE are given in Table 1. Steady state water cooling is usei for deuterium-
tritium (DT) plasma experiments with modest ignition margins and for very long pulse hydrogen plasma
experiments, lnertial cooling with liquid nitrogen would be used for a relatively small number of DT shots
to provide the highest fields and ignition margins.*

For nominal DT operation die magnet field on axis is 6.2 T. The total resistive power requirement for
the water cooled TF and EF magnets is 230 MW. This power requirement is relatively modest for the
magnetic field strength and plasma size due to the maximization of conductor in die Bitter magnet.

With inertial cooling starling at liquid nitrogen temperature a magnetic field on axis of 8.1 T and a density
of 5.0 X 10Hcm~~3 can be obtained.

Since the illustrative LITE design has about the same physical dimensions as TFTR, the difference in
nr will result mainly from differences in average density n and current / . The density and current in
LITE will be higher than that in TFTR bodi because of higher field operation and the assumption that
die LITE plasma can achieve /? = 0.05, while the circular TFTR plasma will be limited to /? = 0.03.
If we make the pessimistic assumption diat die energy confinement time, r, does not improve with n
or / , then [nrfuTE/inrfrFTn «* nuTiz/nTFTR ~ 3. If on the other hand, r ~ n, as is used in
1NTOR scaling, then {nr)ur{-:l{nT)TFTR *** n^LiTE/nrrrit> an<* for a density of 5.0 X 10 2 0 m~ 3

[nr)uTE/[nT)rFrR "** 20 in the highest field case. Table 1 gives the margin of ignition, MI, for INTOR
scaling (MI = (nr)//vroH/(nT)/c;/v/77o/\/ where {nr)iHTon is the nr value predicted by INTOR
scaling and {nT)jaNiTioN is the nr value required for ignition for To = 15 keV).
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Very long pulse experiments with hydrogen plasmas would be carried out at reduced fields. At a field of
4.2 T the total resistive power requirement for the water cooled TF and EF magnets is 105 MW,

The TF magnet can be run cither with power from the line or from motor generator flywheel (MGF) sets.
For water cooled operation, the magnet pulse length will be limited if MGF sets are used. For incrtially
cooled liquid nitrogen operation the pulse length is also limited by magnet heating.

Approximately 30MW of rf power would be used for plasma heating and for current drive experiments.
Sixteen side ports provide approximately 6 m2 of clear space for heating, pumping, diagnostics, and
removal of blanket test modules.

'I'hc LITE design concept shows promise for demonstrating sustained operation with a high ratio of fusion
power to external plasma heating power, the basic scientific fcasability requirement for electricity produc-
tion from fusion. A range of variations about the illustrative design are possible and should be explored in
order to maximize the potential utility of the LITE concept.

* Supported by U.S.D.O.E.
* Forced flow liquid nitrogen cooling could also be used in a LITE type device. The advantage of
this mode of operation is a substantially reduced resistive power requirement for long pulse operation.
However, this advantage may be offset by increased complexity and nitrogen liquificr costs.

Mag. field on axis (T)
Plasma current (MA)
Av. Plasma density

(10 2 Om- 3)
Pulse Length from

OH Transformer (s)

TF and EF Magnet
Resistive power (M W)

TF magnet flat top (s)

Fusion power (MW)
Membrane stress in

TF magnct(MPa)
Volt-second Capability of

OH transformer (V-s)
Margin of ignition

(r ~ na2
 K)

Table 1
Illustrative Parameters

Major Radius (m)
Minor Radius (m)
Mb/a = 1.4)
Inboard Shielding (m)
Outboard Blanket/Shield

Thickness (m)

DT PLASMA

(Nominal Op. With
Water Cooling)

6.2
5.8

3.0

200

230
limited by

power supply
370

140

42

2.5

2.7
0.8

0.05
0.1

0.3

OPERATION

(Peak Op. With
LN2 Inertial Cooling)

8.1
7.6

5.0

limited by
TF coil heating

66(at80K)
6

1100

240

54

7.4

H PLASMA OP.

(Water Cooling)

4.2
4.0

1.3

400

105
limited by

power supply
—

64

42

—
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DRIVEN CURRENT TOKAMAK (DCT) SCOPING STUDY* R. L. Reid, Fusion Engineer-
ing Design Center, Oak Ridge National Laboratory, Oak Ridge, Tennessee
37830 The present DOE plan calls for the construction of an Engineering
Test Reactor (ETR) that is to be the last experimental device prior to
the commercialization of fusion power. The plasma driver of the ETR is
to be either a long-pulse tokamak or a tandem mirror machine. The
possibility of using the TFTR facility to consolidate the physics and
technology data base for the tokamak version of the ETR has been considered.
This paper addresses two of the options being considered, namely (1) a
superconducting coil-hydrogen plasma alternative and (2) a superconducting
coil-high Q alternative. Both options assume essentially steady-state
operation through the application of rf current drive.

The performance and direct capital cost of the superconducting coil-
hydrogen plasma tokamaks, ranging in size from a PLT-size plasma up to
an ignition-size plasma, if operated in D-T, were generated using the
Fusion Engineering Design Center (FEDC) system code. These machines
were all sized for a maximum TF field of 8 T and for major radii selected
to provide PF systems capable of supplying adequate flux linkage to the
plasma for inductive current startup. Capital cost was seen to be
essentially a linear function of major radius. The DCT-2 is designated
the tokamak consistent with LCP-size TF coils and would be chosen if the
option to develop the nonnuclear technology and physics required for a
minimum cost ETR machine were pursued. The direct capital cost of DCT-2
is estimated to be 317 M$; however, taking credit for existing equipment
and buildings at the TFTR site could reduce this value to 202 M$. This
cost is in 1981 dollars and does not include indirect costs (engineering,
installation, contingency) nor escalation.

The superconducting coil-high Q option considered features a superconducting-
copper-toroidal field coil system which allows high plasma performance
at minimum size and cost. The water-cooled copper coil serves a dual
function; it supplies magnetic field on axis and it acts as shielding to
attenuate neutrons. This magnetic field arrangement allows a reduction
in plasma minor radius since the TF coil is effectively moved closer to
the plasma and therefore delivers a higher field on axis for the same
maximum TF field at the coil. Two basic operating scenarios are envisioned;
a long-pulse (approximately steady-state) driven mode operation utilizing
only a 10-T superconducting TF coil and a shorter pulse (MOO seconds)
ignited mode operation using field augmentation by the copper insert
coils. This device combines the long-pulse objective of a superconducting
tokamak with the nuclear technology and physics objectives of a D-T
burning experiment. Several tokamak configurations were evaluated for
this option using the FEDC system code; among them are: (1) the location
of the copper coil (in the cryostat or in the shield), (2) the inclusion

•Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation-
Nuclear Division.
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or omission of a bucking cylinder, and (3) the plasma current startup
scenario (by purely inductive means or by rf assist). The chosen device
for this option, designated DCT-8, features a copper insert coil embodied
in the shield, the inclusion of a bucking cylinder, and rf-assisted
current startup (by the equivalent of 27 webers). Major machine parameters
include a major radius of 3.6 m, a minor radius of 0.8 m, a field on
axis of 7.0 T (5 T from the superconducting coil, 2 T from the copper
insert coil), 6.0 MA of plasma current, an elongated ignited plasma, and
a fusion power level of 360 MW. The copper coils require 135 MW of
power during the pulse when the copper insert coils are energized. In
the long-pulse superconducting mode of operation a value of Q of approximately
3 is obtained at a fusion power level of 100 MW. A value of direct
capital cost of 631 M$ is estimated for DCT-8 at a new site. If this
device were located at the TFTR site, a credit of 109 M$ is estimated
for existing buildings and equipment reducing the new direct capital
investment to 522 M$.

Of the two options considered in this study, the superconducting coil-
high Q option appears to be the most cost-effective approach and the
best suited to supply the necessary physics and technology data base for
the tokamak ETR.
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DESIRABLE ENGINEERING FEATURES OF THE NEXT GENERATION TOKAMAK DEVICE*
T. G. Brown (FEDC/GAC) and C. A. Managan (FEDC/W) Tokamak design
concepts have been developed over the past several years that have paid
particular attention to the incorporation of attractive engineering
features. The goal of these studies has been to develop a reactor
concept with engineering features that lead to a minimum of complexity
and still satisfy all assembly and maintenance requirements. For reactors,
these features must not only be feasible from an engineering perspective
but must permit operation at high levels of availability and must result
in a cost-effective product.

To provide for practical assembly and maintenance, a number of principles
have evolved from these reactor studies which have significantly influenced
the emergence of the current tokamak configuration which incorporates
numerous desirable engineering features. The first is that of accessibility;
all of the systems and subsystems must be designed so that easy access
is provided to the device and to each major system within the device. A
second guiding principle is the concept of modularity; the major systems
and components of the device are assembled from modular pieces. The
third principle is the desirability of providing hands-on maintenance
capability at the outside of the device within a day following shutdown.
Finally, it is recognized that some systems suffer from more degradation
during operation than others and may need relatively frequent repair or
replacement; other systems should last the lifetime of the device.
Recognizing which components are in which lifetime category is an important
factor in making decisions about the overall configuration arrangement.

In designing the tokamak configuration to achieve the desired goal and
to satisfy the preceding principles, a few key systems dominate the
design. These are primarily the toroidal and poloidal field coils, the
associated magnet support structure, the torus structure, the vacuum
system and the control system. It is these systems that must be designed
to provide the desirable engineering features. In addition, it is
primarily these systems that interact with one another and must be
designed both individually and in an integrated fashion to achieve the
desirable features. As the result of reactor systems studies such as
those for ETF/FED/INTOR and for STARFIRE, the following configuration
features have been determined to be desirable and together represent the
present best tokamak design configuration not only for a power reactor,
but also for the next-generation tokamak. These desirable features have
been developed to maximize access and to simplify maintenance operations.

• The design should employ a few (8-12), large superconducting
toroidal field coils. The proper combination of number and size
provides for sufficient access to the torus and torus components
and at the same time satisfies the plasma edge ripple requirement.

"Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.
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a The poloidal field coil system should be comprised of a few coils
all located external to the toridal field coils.

• The intercoil structure for the magnet systems must be located to
react all of the imposed loads and still provide open space between
the outboard legs of the toridal field coils to provide access to
the torus.

• Adequate shielding must be provided to establish capability for
hands-on maintenance; at the same time fully remote maintenance
must be possible if needed.

• Separate structural systems should be provided for the cold and
warm components.

• The plasma chamber vacuum closure should be located outboard of the
device torus.

• A single combined vacuum boundary should be provided between the
plasma chamber and the superconducting magnet system.

• A simplified gravity support system should be provided for the torus
shield and vacuum system.

The latest tokamak designs incorporate these design features. In these
designs, the entire blanket and first wall, together with essentially
all of the bulk shield, can be removed by individual extraction of each
of the torus sectors using simple, linear, radial motion. Each torus
sector is designed to be highly modular with plug-in auxiliaries such as
heating, testing and impurity control. The poloidal field coils are
located to permit removal for maintenance by simple vertical motion.
The toroidal field coils can each be removed for repair or replacement
if necessary.

As part of recent studies to explore options for the next-generation
tokamak, a series of superconducting driven current tokamak (DCT) devices
has been examined in a scoping study. This series of devices range from
a PLT-size plasma device through an ignition-size D-T device. The
smallest device is distinguished by the choice of a TF coil size comparable
to that of the large coil test facility. The largest device is about
70% the size of FED.

It has been concluded from these studies that the majority of the desirable
engineering features previously described can be incorporated into any
of the family of designs explored in the scoping study, including the
smallest size device with LCP-sized TF coils. The feasibility of these
desirable engineering features must be demonstrated by constructing and
operating a device that incorporates them. The construction of such a
device would provide an excellent benchmark for reactor application.
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ALTERNATIVE TECHNOLOGICAL PATHWAYS
FOR TOKAMAK FUSION

G. Gibson, D. A. Sink, L. Green
Westinghouse ARD

Fusion Engineering
Madison, PA 15663

The development of technology requirements for the evolution of the
tokamak, both as a fusion electric and a fusion-fission hybrid reactor,
are under study. In order to characterize the developments, variations
of key figures-cf-merit (FOM) associated with the technologies required
by tokamak driver systems, blanket systems, and the fuel (fissile and
fusile) cycles over the period 1970-1990 are being examined in detail. A
format has been designed so that the development of each technology can
be summarized in a uniform way. A compendium ot the developments of the
tokamak technologies is being assembled; TRW will provide similar
material for the tandem mirror technologies that will be included in the
compendium. In addition, the sequence of devices leading to commercial
fusion electric and fusion hybrid reactors are being identified. (In
treating the hybrid, both fast fission and fission suppressed blankets
are being considered). These sequences are consistent with the
developmental levels defined for the technologies. In identifying these
sequences particular attention is being paid in specifying features and
goals of the hybrid engineering test reactor (HETR), i.e., the hybrid
device that would be built in the 1990's time frame. Finally, an
integrated sequence of fusion electric and fusion hybrid devices will be
identified.

In identifying the sequence of devices leading to commercial fusion, the
next generation of tokamaks—TFTR, JET, JT-60, and T-15—and existing
reactor concepts already developed in previous studies will be
incorporated. For fusion electric tliese concepts include FED, INTOR,
TORFA, STARFIRE/DEMO, and STARFIRE; for fusion hybrid, the TCT Hybrid
(EPRI RP 473), DTHR, and CTHR as well as HETR will be included.

The technology data base assessment which will characterize the
development of technology requirements for tokamaks and be assembled in a
compendium of FOM is being organized according to an index of
technologies covering all the key areas required. For the fusion driver
the index consists of the following: 1) plasma heating, 2) magnetics,
3) plasma particle control, 4) instrumentation and control, and 5) energy
storage and transfer. For the blanket systems, the index is as follows:
1) component development, 2) performance specifications, 3) coolant
transport systems, and 4) remote handling. In the fuel cycle areas, the
fissile cycle index consists of the following: 1) mining and milling,
2) fabrication, 3) reprocessing, 4) waste management, 5) safety; and for
the tritium systems, the following applies: 1) extraction and removal,
2) tritiated gas purification and containment, and 3) tritium safety.

In establishing a sequence of devices leading to commercial hybrid
fusion, special attention has been made to defining the HETR. The
features and goals of HETR are based on assuming a reasonable scaling of
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demonstrated technologies associated with the next generation tokamaks
(TFTR, JET, JT-60, and T-15) and on assuming a sustained D-T burn
operation and a demonstration of fuel cycle capabilities. The programs
and goals of the next generation tokamaks are described in various
reports and journal articles and are summarized in Ref. 1. A combination
of the most attractive reactor-grade features of these devices would
include: 1) a high-field superconducting tokamak, 2) an elongated,
D-shaped, D-T burning, plasma, 3) moderately high Q operation (Q ^ 3),
4) injection of high levels of auxiliary heating (̂ 40 MW), 5) the
active control of impurities and plasma ash, and 6) long pulses. The
combination represents a significant, but realistic, advancement in
tokamaks if applied to a single device, i.e., HETR. Using scaling laws
for plasma confinement and beta limits which predict the performances of
presently operating tokamak devices, the HETR, as defined by the above
combination of features, could be operated at temperatures in the range
of 5-10 keV and provide high neutron wall loadings (>1 MWm~2). Based
on a three-phase mode of operation, the goals of HETR were developed to
allow experience in the operation of a hybrid reactor which will be
applicable to a demonstration plant following HETR, i.e.,

• Long pulse operation of a fully-integrated fusion power source
fueled with deuterium-tritium

• Operation of hybrid blankets at high wall loadings

• Safe operations at high availability levels.

HETR would provide key engineering data applicable to the design and
operation of a hybrid demonstration plant, including: prototypical
blanket modules, neutronics at high radiation levels, thermal/hydraulics,
thermalmechanics, fuel/clad/coolant compatability, remote
handling/maintainability, remote fueling, and reliability/safety.

The hybrid pathway for tokamaks is an application of fusion which can
most effectively utilize near term technologies in a plan based on a
1990's device having these technologies as well as currently demonstrated
plasma performance as key design features. The indices of fusion
technologies, the FOM compendium, the HETR concept and parameters, and
development program options and technology targets will be presented.

1. A. Ogato, "Physics Programmes, and Goals of Large Tokamak Experiments,"
Japan Atomic Energy Research Inst., Tokai, Ibaraki, JAERI-M-9228, December
1980, 37p.

Work supported by the Electric Power Research Institute under Project RP1662-2.
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ENGINEERING TESTING REQUIREMENTS IN FED/INTOR

M. A. Abdou and R. E. Nygren (ANL)
G. D. Morgan and C. A. Trachsel (MDAC)
G. Wire, E. Oppermann, R. Puigh (HEDL)

R. E. Gold (W)

The FED/INTOR critical issues activity has addressed^ » ' three key testing
requirements that have the largest impact on the design, operation and cost of
FED/INTOR. These are: 1) the total testing time (fluence) during the device
lifetime, 2) the minimum number of back-to-back cycles, and 3) the neutron
wall load (power density in the first wall/blanket). The testing program
activities were structured into three tasks in order to define the benefits,
and in some cases, costs and risks of these testing requirements. The three
tasks were carried out with wide participation of experts from a number of
organizations in the United States. Similar effort was performed by Japan,
the European community and the Soviet Union.

Structural Material Testing

This task is concerned with estimating the benefits and risks to DEMO based on
structural material tests in FED/INTOR as the goal fluences for such tests
increases from 0 to 6 MW-y/m . The "benefit" is simply the reduction of
uncertainties in predicting materials' performance in DEMO that would result
from higher test fluences (greater device lifetime) in FED/INTOR. The risk is
the probability that the structural material will not achieve its design
lifetime and performance goals in the DEMO.

Stainless steel and a vanadium alloy (representative of an advanced alloy not
containing nickel) were considered separately. The main difference, between
the two classes of materials are the availability of data and the usefulness
of simulating the fusion radiation environment in fissioi: reactors. For each
of these two materials, two scenarios were considered basea on whether FMIT is
available for high energy neutron irradiation.

A simplified summary on recommended test fluences in FED/INTOR is given in the
table below.

Stainless Steel

Advanced Alloys

With FMIT

2-3 MW-y/m2

Low Risk

3-5 MW-y/ra2

Medium Risk

Without FMIT

3 MW-y/m2

Low-Medium Risk

3 + 6 MV-y/m2

High + Modium Risk

405



Blanket Tests

The results of the analysis show that the minimum useful wall load for blanket
tests in FED/INTOR is ~ 0.4 MW/m2 with a substantial incentive for higher wall
loadings in order to adequately simulate the DEMO conditions. Specimens/
components that are duplicates of the DEMO blanket will not provide useful
test information if operated under FED/INTOR conditions. Special designs of
test elements are ̂ necessary in order to account for the differences in power
density, plasma duty cycle and other operating conditions between FED/INTOR
and DEMO.

Solid breeder blankets require considerably longer "continuous" test time than
liquid metal blankets. The minimum continuous operating time for tritium
recovery of solid breeders is estimated to be 65 hours for a neutron wall load
(Pw) of 1.3 MW/m

2, 200-s plasma burn and 20-s dwell time. Much longer time is
required for lower wall loads, shorter burn time and for the deeper regions of
the blanket module.

The benefits of testing blanket modules in FED/INTOR to fluences above 0.2 MW-
y/m2 cannot be quanitifed at present. The primary reason is the prediction
that fission reactor tests of solid breeders produce essentially the same
results as fusion reactor tests at the same fiuence. Fission reactor tests
can be performed for fluences » 0.2 MW-y/m2 before FED/INTOR blanket tests
take place.

Long-Term Component Operation

The long-term operation of FED/INTOR will provide useful data on life, failure
rates and failure modes (i.e., reliability) of FED/INTOR components (e.g.,
magnets, auxiliary heating system, etc.). Testing for 3 to 5 times the
required mean-time-between-failure of a component will in general create
adequate confidence in reliability data. The FED/INTOR analysis shows that
reliability data can be derived for most major reactor systems during a total
reactor operating time of ~ 20,000 hours (i.e., ~ 3 MW-y/m ).

References

1. W. M. Stacey, et al., Final Phase 2A Report.

2. M. A. Abdou, et al., "Engineering Testing," Chapter XII, ibid.
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FED-R - A FUSION ENGINEERING DEVICE UTILIZING RESISTIVE MAGNETS*
D. L. Jassby, Princeton Plasma Physics Laboratory, S. S. Kalsi, Fusion
Engineering Design Center/General Electric Company The principal pur-
pose of the FED-R tokamak facility is to provide a substantial quasi-
steady flux of fusion neutrons irradiating a large test area in order to
carry out thermal, neutronic and radiation effects testing of experimental
blanket assemblies having a variety of configurations, compositions, and
purposes. The design of the FED-R device1 also permits the straightforward
implementation of an upgrade that could be employed as a full-scale
demonstration reactor for some specific fusion neutron application when
required.

The emphasis on reliable nuclear testing capability demands that the
plasma physics characteristics and technological features of the fusion
machine be chosen as close to mid-1980s' state-of-the-art as possible.
Hence the specified plasma parameters for initial (Stage I) operation
are selected to be near those expected in TFTR or Dill-Upgrade, with the
important exception that FED-R demands high-duty-factor operation using
a single-null poloidal divertor for particle control and heat removal.
Neutral-beam injection is used for plasma heating and current drive in
the steady state, as well as for partial fueling and for enhancing
fusion neutron production.

The plasma has major and minor radii of 3.5 m and 0.85 m, repectively,
with a vertical elongation of 1.5. The nuclear test region is located
on the outboard side of the plasma, and is 80 cm deep with approximately
60 m2 of exposure area (see Fig. 1). For maximum flexibility, the test
region is located outside the vacuum boundary. The outboard vessel
wall2 is a stainless steel double wall with 20-atmos. helium coolant
that gives more than 80% transmission of 14-MeV neutrons with adequate
heat removal and acceptable stresses caused by the atmospheric pressure
load and a steady thermal load up to 60 W/cm2.

The toroidal-field coils3 are fabricated of water-cooled copper plates
insulated with magnesium aluminate, and are sufficiently massive so that
they can be operated steady state with a power dissipation of 180 MW in
Stage I (0.4 MW/m2 at Q = 1.5) or 280 MW in a Stage II upgrade (1.3
MW/m2 at Q = 2.5). Thl TF coils have demountable joints to facilitate
access to all the in-bore components for maintenance, and to allow
installation of outsized nuclear assemblies. The demountable joints
also permit an option for the Stage II upgrade wherein the coil bore is
enlarged for installation of a new vacuum vessel with nearly complete
blanket coverage for full-scale demonstration of a compelling fusion
neutron application whose feasibility will have been verified in Stage I.
*Research sponsored by the Office of Fusion Energy, U.S. Dept. of Energy,
under contract W-7405-eng-26 with Union Carbide Corp.
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The total electrical power consumption of the FED-R facility is approxi-
mately 425 MW in Stage I and 600 MW in Stage II. The total direct cost
for Stage I is estimated to be $810 million (1982), with an additional
$220 million of direct cost required for Stage II upgrade with the same
TF coil bore.

References

"FED-R, Fusion Engineering Device Utilizing Resistive Magnets,"
Fusion Engineering Design Center Report (October 1982).
G. M. Fuller et al., "Neutron-Transparent First Wall for Module
Testing," summary in these transactions.
R. J. Hooper and S. S. Kalsi, "Toroidal Field Resistive Magnet
Design for Tokamak Test Reactors," summary in these transactions.
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DESIGN OF THE ALCATOR-DCT TOKAMAK AT M.I.T.

Joel H. Schultz and D. Bruce Montgomery
M.I.T., Plasma Fusion Center

Cambridge, Massachusetts 02139 (USA)

INTRODUCTION

Alcator-DCT is a high aspect-ratio tokamak with a 2 meter major radius, and
a baseline central field of 7 T with all superconducting magnets, proposed
to be built at M.I.T., in order to determine the best method of steady-state
current drive in hot tokamak plasmas. The device is designed to maximize
the use of existing facilities at M.I.T. in order to build a machine large
enough for simultaneous heating and current drive experiments at low cost.:

SUMMARY

The toroidal magnet system consists of 1 meter diameter circular coils in
rectangular cases, utilizing the Westinghouse/Airco Nb3Sn LCP conductor.
Nb3Sn is selected as the only technique providing large energy safety mar-
gins against disruptions. A possible upgrade, at a predicted safety mar-
gin of one, could increase the field at the magnets from 9 to 11 tesla,
allowing a central field at the plasma of 8.5 T.

The poloidal and equilibrium field magnet system are also superconduct-
ing. The ohmic heating system consists of a central solenoid and two flux-
following coil pairs near the equilibrium field coils. The equilibrium
field coils include an inner and outer pair of circular windings with rec-
tangular cross-sections.

The device vacuum system includes an inner and an outer vacuum vessel. The
inner vacuum vessel consists of actively-cooled thick wall and double bel-
low sections. All welds are made away from the plasma side of the wall.
The thick walled sections include mounting slots for internal components,
such as rails, limiters and antennae. The outer vacuum case includes com-
mon thermal insulation for the TF, EF and two pairs of the OH magnet system.

The TF magnet structure approaches the monolithic wedged design of the
Alcator devices as closely as possible. Solid wedge pieces are inserted
vertically between the inside case legs of each TF coil and between every
other outer case leg. Horizontal and vertical ports are included between
every other TF coil. The out-of-plane forces are supported by intercoil
structure between every other coil, and by wedges above and below the ports.

CONCLUSIONS

Alcator-DCT provides an inexpensive solution to the magnet and auxiliary
heating system design problems, which allows adequate space for heating
tokamak plasmas to high temperatures and driving high currents, while pro-
viding a central field higher than any previously proposed for a supercon-
ducting system in a structurally efficient manner.

Work supported by the Department of Energy, Office of Fusion Energy.
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MECHANICAL DESIGN AND THERMAL HYDRAULIC CONSIDERATIONS
FOR A SELF-COOLED LI-PB BLANKET*

B. Mlsra and D. L. Smith
Argonne Nat ional Labora tory

G. D. Morgan
McDonnell Douglas A s t r o n a u t i c s Company

.Liquid lithium-lead eutectic alloy (17 at. % Li-83 at. % Pb) is currently
being considered as a candidate breeding material for fusion reactors.[1,2]
Important considerations in the design of a Li-Pb blanket are compatibility
with the structure, tritium containment and recovery, and safety. Additional
design complexities arise because of the high density of Li-Pb, the relatively
high melting temperature (235°C), and the high tritium overpressure associated
with this alloy. In this study, the lithium-lead eutectic was considered both
as the breeder and as the coolant. Thermal hydraulic and stress analyses were
conducted to assess the technical feasibility of using lithium-lead eutectic
as the breeding material. Ferritic steels and vanadium alloys are being
considered as the leading candidate for the structure. Utilizing the limited
corrosion data base for the Li-Pb alloys and extrapolation of compatibility
data from other liquid metal systems, the upper temperature limits for
circulating Li-Pb systems are projected to be 400°C and 550°C for ferrit ic
steel (HT-9) and vanadium alloy (V-15Cr-5Ti), respectively.

The first wall/blanket design is based on the elongated radial-flow cell
concept similar to that proposed for liquid lithium in a previous study.[3]
The semi-ellipsoidal heads that form the first wall appear to offer some
design advantages compared to the ORNL/Westinghouse [4] and the ANL/MDAC [3]
helium-cooled cylinders. The first wall is assumed to have a beryllium
coating for plasma impurity control. The parametric studies considered
variations in the thickness of the structural material, coolant channel width,
diameter of the blanket modules, interfacial contact resistance between the
beryllium coating and the structural material, coolant inlet temperature, and
coolant temperature rise. The steady-state temperature distribution was
established utilizing a general purpose computer code capable of analyzing
three-dimensional heat conduction with temperature dependent physical
properties.

The high density of the 17Li-83Pb leads to two stress-related concerns for
large non-cylindrical nodules filled with Li-Pb: (1) relatively high internal
pressures (static head), resulting primarily from interconnection of modules
within a blanket sector; and (2) reaction of gravity loads from the breeder
mass, for all nodules except those at the bottom of the sector. To determine
the stuctural requirements for the double-head module concept, a preliminary
stress analysis was performed for a typical blanket module to determine the
required structural arrangement and thicknesses, and to determine the
allowable relationships among various design parameters. Coolant pressure was
assumed to be 1.4 MPa (200 psi, including pumping head pressure). Temperacure
distributions from the thermal hydraulics analysis were used to determine
thermal stresses. Allowable stresses for both HT-9 and V-15Cr-5Ti were based
on ASI1E Boiler Code Section III , Division I, Class 2.
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The results of the parametric studies indicate the coolant outlet temperature
to set the upper temperature limit for the structural material. If 400°C is
assumed to be the upper temperature limit for HT-9, then the coolant
temperature rise would be limited to 100°C for a coolant inlet temperature of
300°C. For the vanadium alloy, the allowable temperature rise may be as high
as 200°C. This provides additional flexibility in the blanket design. The
thickness of the Be coating was assumed to be 3 mm, which resulted in a
maximum temperature of 485°C for 30 cm diameter blanket modules with 3 mm
thick structural material. On the b.-isis of temperature alone, thicker coatinj
.can be used if necessary for plasma impurity control. By using wider coolant
channels, which reduces the required coolant velocities, MHD pressure losses
can be minimized. For all cases considered, the coolant flow is in the
turbulent regime assuring adequate flow distribution along the coolant
channels and behind the baffle plates.

The module configuration using either HT-9 or V-15Cr-5Ti appears adequate to
provide sufficient strength for the assumed pressures and coolant
temperatures. However, the structure is complicated by the internal frames
which are necessary to react pressure loads on the flat side walls. This may
make the structure more difficult or more expensive to fabricate. Use of the
V-15Cr--5Ti alloy allows increased cooling efficiency or a reduction in the
number of internal frames due to its better mechanical and thermal
properties. From the results of the thermo-mechanical analyses, it may be
concluded that the elongated cylindrical blanket modules made from either HT-9
or V-alloy appear to offer a viable first wall/blanket design concept.
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THE GAS-COOLED, U2O MODERATED CANISTER BLANKET FOR FUSION-SYNFUELS*

Richard W. Werner
Lawrence Liverrnore National Laboratory, Universi ty of Cal i forn ia

Livermore, Cal i fornia 94550

SUMMARY

Fusion power holds the promise of supplying not only electricity, but
also portable fuels to meet the energy needs of the U.S.A. in a balanced
way.

A new integrated power and breeding blanket is described for fusion
reactors. The blanket incorporates features that make it suitable for
synthetic fuel production. In particular, it is matched to the thermal
and electrical power requirements of the General Atomic water-splitting
process for producing hydrogen. The net result of the G.A. cycle, as
Fig. 1 illustrates, is the thermochemical decomposition of water to make
hydrogen and oxygen, using only water as the feedstock.

The fusion reactor is the tandem mirror (TMR) of the Lawrence Livermore
National Laboratory. This machine, with its linear topology and output
of both thermal energy and high voltage dc electrical energy, has
advantages for this Synfuel application.

The physics of the TMR is that of the MARS.

The blanket, which we identify as a "Canister," is basically a pressure-
balanced, cross-flow heat exchanger contained within a low-activity,
independently-cooled, first-wall structural envelope. Some of the
features of this blanket are shown in Fig. 2.

In this Canister blanket we have elected to use a combination of lithium
oxide as the moderator and helium as the coolant, in the belief that
gas-cooled, "dry" blankets offer distinct advantages of simplicity,
safety, and ease of startup and shutdown over those blankets using some
combination of water, liquid metals, and/or molten salts. We also use
"in-situ" tritium control, rather than slip-stream processing, to assure
that our hydrogen product is tritium free. In-situ tritium control
isolates the tritium from the main helium flow. Recovery of the tritium
is by an independent purge circuit.

The four candidate structural materials we examined were 316 S.S.,
2 1/4 Cr - 1 Mo, Inconel, and Tenelon. The structural material selected
for the blanket is Tenelon (a steel using manganese instead of nickel),
chosen for its low residual radioactivity. The waste disposal rating
(WDR) of Tenelon is 0.40, which means tha.t surface disposal of spent

*Work was performed under the auspices of the U.S. Department of Energy
by the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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blankets is acceptable and deep burial is not requiredt Tenelon alsc has
very attractive neutronic performance and structural properties.

We believe this blanket to be particularly adapted to synfuels, but
equally useful for electricity production or co-generation.

THE GENERAL ATOMIC

SULFUR-IODINE CYCLE

S O j t H 2 0

AQUEOUS.
' H2S04 + ZHI , I

J
SULFURIC
ACID

HYDROGEN
IODIDE

Fig. 1 The General Atomic

(T) Li2O Breeder Material

(?) Low Tritium Inventory < 1 kq

(?) No Startup Problems

(A) LOW Activity, ̂
Independtly-Cooled

First Wall
Structural Envelope =
"The Cool Container"-*^

(¥) Maximum
Envelope Material

Temperature = 730 K

(c) Combined Stress
< 0.5 Yield Stress

(̂ Q) Maximum Tube
Temperature = 962 K,

Minimum = 666 K

Qj)Maximum Stress
in Tubes =

5.6 MPa-(800 psi)

Fig. 2 Cross Section Through the Canister
Features

(HYDROGEN)

Sulfur-Iodine Cycle

4) Helium Gas Cooling
Constant Ti

Pressure-Balanced
Heat Exchanger

©In-Situ
Tritium Control =
Tritium-Free
H2 Product

Tritium Breeding
> 1.25

8,) Blanket Energy
Mult. > 1.2

9)Neutron Mult.
Possible Here to
Get T.B. % 1.44 for
Axial-Zoned High
Temperature System

D)2 MW/m? Wall
Load (Design)
5 MW/m? (Capibil i ty)

Blanket Showing I t s Main

414



FUSION BREEDER BLANKET DESIGN CONSIDERATIONS*

C. P. C. Wong, R. L. Creedon, I. Maya, and K. R. Schultz
General Atomic Company

P.O. Box 81608, San Diego, California 92138

The Fusion Breeder Program is a DOE funded program directed by Lawrence
Livermore National Laboratory; the other participants in this hybrid fusion
reactor design are TRW Company, General Atomic Company, Westinghouse Cor-
poration, and Oak Ridge National Laboratory. General Atomic Company is
responsible for the following areas of reactor design: blanket thermal
hydraulics, blanket thermal power conversion, fuel handling, blanket and
reactor safety, and reprocessing of the bred fuel. The design of the first
four areas will be reported in this summary.

The selected reference blanket is cooled by liquid lithium which flows
radially outward from the first wall of the Tandem Mirror Reactor, through
a packed bed of balls. These are composite balls containing the correct
volume fractions of thorium and beryllium metals. The thermal-hydraulics
aspects of using liquid lithium as the coolant for the reactor were of key
concern because of magnetohydrodynamic (MHD) effects. The available MHD
models were reviewed and a calculational model developed for the reference
design. Due to the lack of an experimentally verified analytic model for
the MHD effects associated with liquid metal flow through a packed bed of
balls under a magnetic field, different models were developed for the pump-
ing power and heat transfer considerations. A realistic and yet conser-
vative model that identifies the direction of current densities was used
as the reference packed bed pressure drop model. The pressure drops of
the blanket circuit indicate that the principal contributions are from the
packed bed and turning effect MHD pressure losses. A pressure of 1.7 MPa
(250 psi) was recommended as the first wall pressure that the mechanical
design has to accommodate. Because of this high pressure and its corre-
spondingly important effects on mechanical design and neutronics perfor-
mances, and the uncertainty associated with the MHD model, we recommend that
MHD experiments be performed to verify the analytic models for future
blanket design evaluations.

The thermal power conversion system permits the thermal energy deposited in
the blanket to be converted into electricity. We have selected a conven-
tional Rankine cycle using water as the secondary coolant and sodium as the
intermediate coolant for this system, relying heavily on previous designs
for fission liquid metal reactors. The design, however, is optimized for
the Fusion Breeder Reactor. The thermal cycle design was based on the
requirements of high reliability, credible selection of components and the
minimization of first wall pressure. The selected power conversion system
has a net blanket power conversion efficiency of 36.7% and an electrical
power output of 1881 MW.

There are two purposes ascribed to the fuel handling system. They are
primarily the removal of appropriately enriched thorium from the blanket
and its replacement with fresh thorium, and the inspection and agitation of
the beryllium neutron multiplying material. The fuel/multiplier is a 3 cm
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diameter ball with a thorium pin of less than 1 cm diameter installed in a
centered hole. The pin stops in an eccentric position, thus causing the
ball to have an offset center of gravity for self orientation in the thorium
pin punch-out and replacement machinery. The ball handling circuit includes
the batch tank, the dump tank, the mobile storage tank and the pin change
out machinery and other equipment. This circuit was designed in full coor-
dination with the requirements of the safety related systems, and is used as
an integral part of the residual heat removal and fuel dump systems.

In the area of blanket and reactor safety aralysis, safety criteria for the
fission suppressed blanket were defined, the selection of the safety system
was made and a preliminary safety analysis of the reference safety system
was performed.

In selecting the safety system components and configuration, the principal
objective is to ensure the safety of the general public and to prevent dam-
age to the reactor during both normal and off-normal events. The work
focused on those safety systems which would have significant impact at the
conceptual design stage due to their uniqueness (requiring special design
effort), interface requirements or cost. These systems include the ball
handling circuit, the fuel dump system, redundant pumps and heat exchangers,
and the residual heat removal system. The key uncertainties in designing
the safety systems were identified and the required supporting analyses
noted.

With the identification of key safety systems for the reference reactor
design, a failure modes and effects analysis (FMEA) of the primary coolant
system was performed to systematically identify and categorize the failure
modes requiring design attention. Thermal analysis was then performed on
the design to determine the effect of particular event sequences identified
by the FMEA. The results of the safety analysis showed that natural con-
vection circulation will adequately cool the blanket only when the magnetic
field is off. With resonable and conventional engineered safety systems,
the reactor and public can be adequately protected from accidents caused by
the primary failure nodes.

*Work supported by the Department of Energy, TRW Subcontract M18365DHIE.
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DESIGN OF SUPERHEATED STEAM PRODUCING BLANKET FOR A DD TOKAMAK*

A.E. Dabiri, J.E. Glancy, H. Gurol, Science Applications, Inc.
R.N. Cherdack, Burns and Roe, Inc.

As part of an assessment of the engineering and technological differences
between DD and DT fueled tokamak reactors is the design of a first wall/
limiter/blanket which would take full advantage of the absence of tritium
breeding in the DD reactor. Features sought for the first wall/limiter/
blanket included: use of conventional technology to the greatest extent
possible; production of heat suitable for use in a high efficiency generat-
ing cycle; minimization of the quantity of radioactive material produced;
lifetime on the order of thirty years; high neutron energy multiplication;
and reasonable costs.

The design chosen represents a series of compromises in trying to provide
these features. However we did attempt to avoid using advanced materials
or unconventional applications and try to focus the attention on changes in
design strictly related to the difference in fuel cycles. The limiter is
made of AMAX, a high temperature copper alloy, the first wall is made of
the titanium modified austenetic stainless steel called PCA, and the
blanket consists of four alternate layers of alumina wrapped PCA stainless
steel tubes and graphite.

The limiter is cooled by feedwater flowing in channels formed by a corru-
gated face plate and a flat backing plate. The feedwater enters at 250°C
and leaves at 288°C. The feedwater then flows to a portion of the first
wall where it again flows in channels between corrugated and flat plates
where it is heated to saturation (327°C at 12.5 Mpa).

The feedwater is combined with a recirculation flow and directed to the
remainder of the first wall and most of the first bank of tubes in the
blanket where the mixture isothermally boils to a quality (steam weight
fraction) of 25%. The steam is collected and distributed among the re-
mainder of the first tube bank and the three other tube banks where it is
superheated to 538°C in mixed parallel and series flow. A steam cycle with
steam-to-steam reheat yielding about 40.5 percent efficiency is compatible
with this design.

Thermal analyses indicates-that the maximum temperature in the AMAX of the
limiter based on 5.2 MW/m is 430°C, which is below the range where the
allowable stress drops rapidly* The maximum temperature in the PCA of the
first wall, based on 1.2 MW/m , is 460°C, which is quite acceptable. The
maximum temperature of the stainless steel in the blanket is 630°C at which
temperature the allowable stresses are still fairly high (430 Mpa). This
occurs at the outer surface of the superheater tubes. The inner surface is
about 20°C cooler.

The alumina layers between the coolant tubes and the graphite in the
blanket keep the graphite temperature at 1500°C to eliminate swelling that
could result from neutron radiation damage.

*Work supported by the Department of Energy, Office of Fusion Energy.
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Stress analyses of the PCA first wall indicate that the combined thermal
and pressure related stresses are about half the ultimate strength of 640
Mpa. The maximum primary tensile stresses are 135 Mpa which will result in
a time to rupture by creep rupture stress of more than 30 years. The
stainless steel tubes in the blanket will have maximum primary stresses of
56 Mpa, well below creep rupture limits, and total stresses (including
thermal stresses) of 131 Mpa are well below the ultimate strength of the
material.

A review of the response of the first wall and blanket materials to
stresses and thermal effects and radiation induced effects such as helium
swelling and displacements indicated the following:

o The first wall swells by 5% (volume change) after 20 full power years

o Blanket tube ductility loss should be acceptable for 20 or more full
power years

o Swelling of the graphite is virtually eliminated

o Operating the AMAX-MZC at a temperature of 430°C should reduce swel
ling in the Mmiter to low levels.

The nuclear analysis on which much of the foregoing design and evaluation
is based was performed using ANISN. The tokamak was modeled as a cylinder
with a 3m first wall radius. The FLUNG cross section library and MACKLIB-
IV response function library were used. The neutron source was modeled as
a shell source normally incident on the first wall divided equally between
14.06 MeV and 2.45 MeV neutrons.
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FLUIDIZED BED DESIGN FOR ICF REACTOR BLANKETS
USING SOLID LITHIUM COMPOUNDS

E. W. Sucov, F. S. Malick, L. Green, B. 0. Hall
Westinghouse Electric Corporation

Madison, PA 15663

The purpose of the work reported here was to devise a safe, practical and
feasible design for an ICF reactor blanket, based on the STARFIRE^1) study
for a tokamak blanket using solid lithium compounds, which could be eval-
uated as an alternate to the original design for the Westinghouse(2) ICF
reactor blanket. In contrast to most other ICF reactor designs(3,4,5) which
place liquid lithium inside the reactor chamber between the explosion and
the first wall, the Westinghouse design utilizes a "dry" tantalum coated
steel first wall with heat removal and tritium breeding performed behind the
wall in liquid lithium flowing through pipes and channels.

The issues to be resolved by the new design are volume heat removal and
tritium breeding and removal. The fluidized bed concept, in which grains of
lithium compound are suspended in a stream of helium gas, provides for con-
tinuous heat and tritium removal and avoids the problems identified in the
stationary packed bed design. The tritium inventory in the grains was cal-
culated using a time-dependent bulk diffusion model. This analysis showed
that tritium could not be removed from the grains in the gas phase; tritium
removal had to be accomplished by removing the grains themselves. This is
very easily accomplished in a fluidized bed by varying the helium flow rate.

MECHANICAL DESIGN

The reaction chamber is a right circular cylinder standing on end. The
blanket which forms the cylindrical wall of the chamber is made up of thirty
six tall steel tanks which run the full thirty meter height of the chamber.
Each of these tanks forms the containment for an individual fluidized bed of
sintered lithium oxide pellets having a maximum diameter of one millimeter
suspended in helium gas at 50 psi. The blanket has a radial thickness of
two meters. Neutrons give up their onergy to the suspended particles which
are in turn continuously withdrawn from the top of each tank to carry the
heat to a fluidized bed heat exchanger which serves as a steam generator.
The cooled particulates are then returned to the bottom of the fluidized bed
tank. A small part of the neutron energy is carried away by the fluidizing
gas. Horizontal fluidized beds two meters deep, contained in tanks two
meters wide, form the top and bottom of the cylindrical reaction chamber.
Again the heat is removed from the fluidized beds by withdrawing the hot
particles.

NEUTRONIC ANALYSIS

One dimensional (spherical) coupled neutron-photon transport calculations
were performed for the fluidized bed design. The tritium breeding/heat
transfer material was Li20, with HT-9 ferritic steel the structural material
used throughout. The separate first wall structure followed the STARFIRE
design, with pressurized water flowing in corrugated panels. The lmm thick
tantalum coating providing protection against the x-ray induced temperature
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spike is on the corrugated surface facing the microexplosions. Neutron
energy loss in the burning pellet was approximated by starting the neutrons
uniformly inside a compressed equimolar D-T mixture, with the density ad-
justed to give a radius-density product (pR'z of 3g/cm2.

The parameters calculated included tritium breeding, energy deposition, and
radiation damage. Separate calculations were performed for the sides, top,
and bottom of the reactor chamber, and the results appropriately combined.
The tritium breeding ratio was found to be adequate (>1.1), and over 98% of
the available energy is deposited in the first wall and blanket. Radiation
damage lifetime of the support structure is consistent with the five year
lifetime goal. Confirming mul:i-dimensional calculations will be necessary
before proceeding to the next level of design detail.

The design concept described above provides a means for continuously re-
moving heat and tritium from an ICF reactor blanket with a "dry" first wall.
It is simpler, cheaper, easier to maintain, safer, and less likely to break
down than other ICF reactor blanket designs which use flowing liquid/metal.
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NEUTRON-TRANSPARENT FIRST WALL FOR MODULE TESTING*

G. M. Fuller8, B. A. Cramer8, B. A. Engholm

J. R. Hainesa, J. Kirchner8, M. Sekic

Fusion Engineering Design Center
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

The toroidal first wall of one of the tokamak FED concepts1 forms the
vacuum vessel for the plasma. Test modules are located outboard of the
vessel wall. A design goal is to maximize the uncollided 14-MeV neutron
flux to these test modules. However, the vessel must withstand external
atmospheric pressure loads and loads caused by coolant pressure and
surface heating. Tradestudies were performed to determine the maximum
14-MeV neutron transparency for combinations of structural and coolant
materials. Stainless steel and aluminum are compared as candidate
structural materials for the toroidal vacuum vessel. Water, helium
(gaseous), and sodium potassium (NaK 22/78) are compared as candidate
coolants.

Transmission of 14-MeV neutrons through each of the materials is shown
in Fig. 1. These results are based on neutronics calculations performed
using the Los Alamos MCNP Monte Carlo code. The source consisted of a
pure D-T fusion spectrum entering the first wall with a cosine distribution.
Transmitted neutrons are those which remain in the 13.5-16-MeV energy
group. Energy spectra for each material were also calculated.

The thermal hydraulic performance was examined for a surface heat flux
of 0.60 MW/m2. It was shown that the vessel could be adequately cooled
with any of the three coolants. Pumping powers are 8.7 MW for helium
(inlet pressure of 2.0 MPa), 60 MW for sodium potassium (inlet pressure
of 11 MPa), and 0.2 MW for water (inlet pressure of 0.7 MPa).

Structural analyses established wall depths required to preclude instability
failure of the vacuum vessel. The skin thickness must be adequate to
take the hoop compression loads caused by the one atmosohere external
pressure and to take local bending stresses caused by the coolant pressure.
Increasing skin thickness decreases both hoop compression and local
bending stresses. However, increases in skin thickness result in increased
thermal stresses. Therefore, both minimum and maximum skin thickness
limits were considered.

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy,
under contract W-7405-eng-26 with the Union Carbide Corporation-Nuclear
Division.

McDonnell Douglas Astronautics Company.

General Atomic Company
cJapan Atomic Energy Research Institute
*The study was performed for the FED-R device.

421



A helium-cooled stainless steel wall provides a combination of maximum
transmission of 14-MeV neutrons and an acceptably low pumping power. It
was shown that, although lower pumping power can be obtained with a
helium-cooled aluminum wall, this is at the expense of lower neutron
transmission. Figure 2 shows the combined results of structural, thermal
hydraulic, and neutron transmission performance for both stainless steel
and aluminum vessels with helium coolant. For stainless steel with a
2.0-MPa helium inlet pressure, the neutron transmission is 82%. The
pumping power for an aluminum vessel is larger than that for a stainless
steel vessel for neutron transmissions greater than 77%. The design for
helium coolant in a stainless steel wall is a minimum skin thickness
(0.24 cm) with an associated large wall depth (4.5 cm) to provide structural
stability. The cross section is shown in Fig. 2.

For a water-cooled shell, the maximum obtainable transparency is approximately
55% with either stainless steel or aluminum. The design for water coolant is
a minimum depth wall (to minimize the water) with associated maximum skin
thickness consistent with thermal stress and surface temperature limits.

Sodium potassium is not a desirable design option. Its thermal hydraulic
performance is significantly lower than either helium or water. The maximum
neutron transmission for a vessel with sodium potassium coolant is only 65%.
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AN ELECTRICALLY CONDUCTING FIRST WALL
FOR THE FUSION ENGINEERING DEVICE-A (FED-A) TOKAMAK*

B. A. Cramer,* G. M. Fuller/ J. R. Haines,*

V. D. Lee,* F. W. Wiffen.b and Y. Goharc

Fusion Engineering Design Center/
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

The first wall of the FED-A tokamak device Bust satisfy two conflicting
requirements. These are high eddy current decay tine and high neutron
transmission ability. These requirements were established to ninimize
plasma disruptions and maximize testing capability, respectively. A
thick wall satisfies the first requirement because it results in a
high electrical conductivity, which increases eddy current decay time.
A thickness that provides a one-half-second or greater toroidal eddy
current decay time was established for the FED-A. A thin wall satisfies
the second requirement because it maximizes the transmission of neutrons.
The r.eutronic transmission was characterized by a design goal of achiev-
ing a tritium breeding ratio of at least 1.20 for a Li2<3 blanket module,
without a neutron multiplier. A copper first wall was defined which
provides the best compromise between electromagnetic performance and
neutronic performance.

The results of the tradeoff between tritium breeding ratio and toroidal
eddy current decay time are shown in Fig. 1. A copper alloy (MZC), an
aluminum alloy (5083), and a stainless steel alloy (316) were studied.
Three limits are shown in the figure. The first limit is the point at
which Belting of the first wall occurs during plasma disruptions. This
establishes a lower limit on the thickness and results in a lower bound
on the toroidal eddy current decay time. The second limit is the thick-
ness at which the temperature gradient through the wall causes excessive
thermal stresses. The temperature gradient is 100#C for copper. 75*C
for aluminum, and 140*C for stainless steel. This places an upper limit
on the wall thickness. The third limit is the maximum allowable struc-
tural temperature for the material. These are 350*C for copper, 200*C
for aluminum, and 400*C for stainless steel. The allowable thermal gradient
places an upper limit on the wall thickness for copper and the maximum
allowable structural temperature places an upper limit on the wall thick-
ness for aluminum. Therefore, the structural requirements define the
upper limit on eddy current decay time.

•Research sponsored by the Office of Fusior Energy, L.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation-
Nuclear Division.
'McDonnell Douglas Astronautics Company - St. Louis Division.

Oak Ridge National Laboratory.

Argonne National Laboratory.
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This analysis showed that stainless steel will not work (see Fig. 1).
Stainless steel cannot operate below a decay tine of 0.14 s because of
disruption-induced Belting or above a decay tine of 0.05 s because the
temperature gradient through the wall exceeds the 140*C linit.

Both aluminum and copper cone close to providing the desired combination
of breeding ratio and eddy current decay tine. Copper shows the best
performance. However, the difference between performance of the two
Materials is within expected scatter of properties used. Using copper,
the design consists of a 15-non-thick, double-wall shell, including 5 mm
of cooling water. The toroidal eddy current decay time is 0.55 s, and
the tritium breeding ratio is 1.22, both satisfying the FED-A requirements.
The copper shell is approximately elliptical in cross section and is divided,
foT maintenance purposes, into 12 toroidal sectors. These sectors have
poloidal flanges on each end which bolt together to form an electrically
continuous first wall.
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CONCEPTUAL STUDY OF A LITHIUM-LEAD

EUTECTIC BLANKET FOR A POWER REACTOR

by F. CARRE^ , Z. TILLIETTE^ and J. REMOLEUR( '

Centre d'Etudes Nucleaires de Saclay
(1) Service d'Etudes des Reacteurs et de Mathematiques Appliquees

(2) Departement des Etudes Mecaniques et Thermiques
91191 GIF-sur-YVETTE CEDEX

SUMMARY

The CEA recently undertook an evaluation of the candidate blanket
concepts, with respect to their possible extrapolation to the commercial
power reactor. The aim of this study is not to propose readily available
solutions for a reactor to be built in a few ten years but rather to
propose a consistent orientation of the Fusion Technology programme. Water
cooled Li._Pb_. blankets exhibit major advantages, provided that an accep-
table breeder coolant chemical compatibility is demonstrated. The follo-
wing presentation is an engineering reflexion about the blanket arrangement,
that tentively realizes the best technological compromises in terms of
tritium breeding (minimization of water content), coolant manifolding
(minimum coolant cross section, minimum number of connections and easy
access for maintenance) and adaptation to the steep irradiation gradients
typical of Li.?Pb and crucial for a power reactor.

The 1200 MWe reactor characteristics are derived from the experience
of the French Controlled Fusion Department of FONTENAY-aux-ROSES (CEA).
The following parameters are used as input data : R = 10 m, a = 3 m,
B = 7T, 12 TF coils and Pn = 2 MW/m2 to the first wall.

Reasonable design criteria have been a priori selected : AISI 316
as structural material, 100 MPa as maximum primary stress, 450 and 550 °C
as maximum temperatures in the first wall region and within the blanket
and water coolant operating between 280 and 320 °C under 15 MPa.

The proposed design consists in 5 rows of tubular breeder containers
wound around the plasma chamber along a half poloidal circle (about 10 m
long and 13 cm in diameter The coolant circulates in 1 cm diameter pres-
sure tubes organized in bundles inside each container. The coolant density
is adjusted to the needs of heat removal by varying the number of cooling
pipes in each row.

An independent first wall is necessary to reduce the power generated
within the first row and to protect the plasma chamber against a possible
contamination by Li._Pbo_.

The impetus for such a design is briefly motivated below :

1) The tritium recovery from a liquid breeder may be considered as achievable
since it is uncoupled from the blanket operating conditions and takes place
ex situ. The choice of Li|7Pbft>, makes it possible to use mater to cool the
first wall and the limiter. a j
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2) The choice of water as coolant (light or eventually heavy water for
neutronic reasons) provides a satisfactory low temperature range (350 ;
450) whithin the structure ; the swelling problems (and the stresses
associated with the gradients are limited in the highly irradiated first
wall region. The tritium permeation to coolant is also limited. Addi-
tional advantages of water relate to low pumping power to heat removal
ratio (0.3 %) and reasonable coolant cross section (about 1/3 of that
required for helium in the same conditions).

3) The poloidal cooling direction provides a satisfactory adaptation to
the toroidal geometry with uniform heated lengths (at the contrary to
the toroidal direction) and easy access to the manifolds located at the
top and the bottom of the vessel ; direct consequences are a satisfactory
modularity and standardization and a facilitated maintenance of the heat
exchanger (plugging of the failed coolant tubes may even be envisaged).
The poloidal direction also provides the longest single pass heated length
and consequently minimizes the coolant cross section associated with a
given coolant proportion within the blanket.

Additional arguments relate to the absence of natural convection,
that occurs within horizontal (toroidal) heat exchangers and to the advan-
tages of the quasi vertical direction to meet the requirements of liquid
metals : need for a free surface with an inert gas pressure, need for a
draining system.

4) The blanket segmentation into rows of breeder is expected to limit the
weight of each independent container for maintenance operations, to limit
the consequences of a breeder container failure and also to accommodate
the steep radial heat generation and irradiation gradients associated with
Li17Pb83.

Blanket optimization proves that reasonable thermal efficiency (30 %)
and tritium breeding (1.3 local) may be achieved with the proposed design ;
however, this iast figure may be considered as questionable to meet the
goal of effective tritium regeneration.

The present work may be understood as an extension of the European
Li._Pb_, INTOR [I] blanket concept to the commercial reactor. The study
proves, that the breeder temperature (̂  420 °C) and the associated corrosion
problems are about the same as those considered in the cold blanket designs ;
in return, steep heat generation and irradiation gradients put specific
requirements in homogeneous water distribution, consequent degradation of
the breeding capability, accommodation to the stress associated with the
gradients), that are seldom considered into cold blanket studies. PoloTdal
cooling direction, long heated length (half a turn) and segmentation into
the radial direction (breeder rows) provide some answers to these preoccu-
pations and could be recommended for the next step liquid blanket studies,
in order to anticipate the problems of the commercial reactor.

_ _ _ _ _ _ _ _ _____________________

[I] INTOR. Phase II . European contributions to the 5 workshop-meeting
(Vol. II).

This work was performed in the frame of the European Blanket Technology
Group and received preferential support of the EURATOM.
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DESIGN OPTIMIZATION OF THE MARS LiPb BLANKET*

L. John Perkins
Fusion Engineering Program

Nuclear Engineering Department
University of Wisconsin

Madison, Wisconsin 53706

The Mirror Advanced Reactor Study1 (MARS) is a major conceptual design study
of a commercial tandem mirror reactor currently being conducted by Lawrence
Livermore National Laboratory in association with the University of Wisconsin
and wittf TRW as the prime industrial contractor. One of the objectives of
this study was the design of a LiPb blanket, comprising a flowing liquid
Li17Pb83 breeder/coolant contained in HT-9 ferritic steel structure. The
blanket was required to be simple in concept, easy to fabricate and provide
for convenient maintenance. However, given these initial constraints, the
following important question was posed: For a fixed neutron power from the
fusion plasma, how should both the structural and neutronic designs proceed in
order for the economic performance of the blanket to be optimized?
Accordingly, a self-consistent design optimization procedure was
established. Ths procedure is not necessarily specific to MARS and has
general applicability to fusion reactor blanket design optmization.

In the initial stages of blanket design, it is necessary to consider a complex
set of issues and requirements which are often conflicting. For example:
what value of tritium breeding ratio is required? What is the maximum neutron
energy multiplication factor (M) attainable for this blanket concept? Should
we design a thick blanket in order to maximize M or should we design a thin
blanket in an attempt to minimize overall central cell costs (including
radiation shield and magnets, etc?) Would a thin blanket and corresponding
thick radiation shield be more expensive than a thick blanket with a
corresponding thin shield? Would a thin blanket result in a larger energy
deposition in the reflector/shield with an associated economic penalty in
thermal cycle efficiency? How do superconducting magnet radiation limits
influence the economics of the blanket, reflector and shield, etc?

In examining optimization questions such as those above, it was determined
that all constraints and requirements must be formally integrated into a
systematic design optimization procedure such that progress in the LiPb
blanket design could be assessed in terms of improved eocnomic performance.
This design procedure is necessarily iterative and requires the minimization
of an economic figure of merit F for the overall reactor system. The
procedure can be summarized as follows:

1. Establish a self consistent economic figure of merit F for overall system
optimization (see below).

2. Specify the required tritium breeding ratio (TBR) for the blanket system.
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3. Establish a blanket and reflector point design by specifying dimensions,
volume fractions of LiPb and HT-9 structure, Li enrichment, etc. Perform
neutronics analyses on this design to obtain the blanket multiplication
factor (M) and fractional energy deposition in the reflector for the
required constant TBR.

4. Determine gross thermal efficiency n and LiPb pumping power for the
thermal hydraulic (heat transfer) system.

5. Determine neutronic design constraints for central cell magnets and
required external radioactivity conditions at shutdown. Design blanket
shielding so that all conditions are satisfied and, thereby, determine
minimum inside radius of magnet winding pack.

6. Determine magnet winding pack dimension and magnet center-center spacing
so that the desired magnitude and ripple of the central cell magnetic
field are obtained. Ensure magnet configuration is consistent with
blanket maintenance requirements.

7. Cost all reactor items which depend on either the blanket multiplication
factor M or thermal cycle efficiency n (e.g., blanket, reflector, shield,
magnets, thermal hydraulic system, turbine and electrical plant equipment,
etc.)

8. Compute the economic figure of merit parameter F.

9. Iterate the above procedure from step 3 and, by variation of the point
blanket/reflector design, minimize the figure of merit parameter F.

Establishment of this self-consistent figure of merit parameter F required a
detailed sensitivity analysis for the system. Through this it was determined
that F must explicitly incorporate the overall capital cost of the reactor
(both blanket-dependent and non-blanket-dependent items) normalized by the net
electrical power (MWe) of the system (i.e., total MWe produced from the
blanket and from the direct convertor minus the recirculating power
requirements).

Application of the iterative optimization procedure resulted in a blanket of
small radial thickness of ~ 38 cm containing highly enriched (90%) °Li. Small
radial dimensions enabled other central cell dimensions and capital costs
(e.g., for reflector, shield, magnets, etc.) to also be kept small. At the
same time, optimization of the LiPb/structure volume fractions and
corresponding radial zoning enabled the attainment of a large blanket
multiplication factor M of ~ 1.4, for a constant tritium breeding ratio
of ~ 1.1. The resulting minimization of the figure of merit parameter F
yielded a LiPb blanket design for the MARS tandem mirror reactor, exhibiting
optimum economic performance. A detailed description of this final optimized
design may be found elsewhere in these proceedings.

•Funding for this work was provided by the U.S. Department of Energy.

l"Mirror Advanced Reactor Study (MARS) Interim ]
Lawrence Livermore National Laboratory (1982).

lfiMirror Advanced Reactor Study (MARS) Interim Design Report", UCRL-53333,
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EBT-P GAMMA RAY SHIELDING ANALYSIS

Y. Gohar
Argonne National Laboratory

9700 South Cass Avenue
Argonne, IL 60439

An elaborate study' » ' was performed for the coil and biological shield of
the ELMO Bumpy Torus Proof of Principle (EBT-P) device for four differ* \t
operating scenarios. First, a one-diinensional scoping study was carried out
to define appropriate shielding materials and determine the required shielding
thickness. The main objective of the radiation shield is to achieve a dose
equivalent of 0.25 rarem/hr during operation outside the outer shield wall of
the EBT-P device. The scoping study considered several different shielding
options, but a detailed analysis was performed for only three of the
options. The shielding materials for these options are: a) ordinary
concrete, b) heavy concrete, and c) iron-scrap-based concrete. The use of a
high-Z material such as lead, tungsten or tantalum was excluded from the
scoping study for the following reasons: a) the high-Z materials have a high
photoneutron cross section. For example, lead has about 500 mb (Y,xn) cross
section at 14 MeV photon energy. The photoneutrons and the secondary gamma
rays produced by these neutrons increase the dose equivalent by two to three
orders of magnitude for the lead shield options/ ' b) the photoneutrons
generate radioactive materials in the different components of EBT-P device
which affects the hand-on maintenance and accessibility of the torus area, and
c) the unit cost of the high-Z materials is excessive compared to the
concrete.

The results from this part of the study show the following conclusions: a)
the gamma ray source from the upgrade configuration with aluminum liraiter, 2-
MeV ring temperature, and 2% aluminum impurity gives the highest dose
equivalent relative to the other three operating scenarios, b) the shield
thickness required for the pessimistic case (ignoring the shielding affect of
the different components inside the machine room) to reduce the dose
equivalent to 0.25 mrem/hr is 261 cm of ordinary concrete, c) the use of heavy
concrete saves ~ 0.4 of the required ordinary concrete shield thickness to
achieve an 0.25 mrem/hr dose equivalent, and d) the ordinary concrete option
has the lowest cost followed by the iron-scrap-based concrete to achieve the
0.25 mrera/hr dose equivalent.

Next, a three-dimensional scoping study for the coil shield was performed to
define the heat load for each component in the system and check the compliance
with the design criterion of 10 W maximum heat load per coil from the gamma-
ray source. Also, a detailed biological dose survey was performed which
includes: a) the dose equivalent inside and outside the building, b) the dose
equivalent from the two mazes of the machine room, and c) the skyshine
contribution.

In order to perform this part of the study, two different three-dimensional
geometrical models for the device including the building were developed. The
first model utilizes the symmetry of the torus around the z-axis by
considering a half cavity sector which includes all the major components of
the EBT-P device. The second model describes the whole device (36 cavities,
ring support structure, floor, roof, walls, mazes, etc.) in detail where 1293
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surfaces were used to describe 536 zones included in the geometry. The roof
and wall thicknesses are 1.5 and 2.4 m of ordinary concrete, based on the
first part of the study. The floor thickness between the upper and lower part
of the machine room is 0.15 m of ordinary concrete with a central hole of 1.83
m radius. The concrete ring has a rectangular cross section of 0.78 x 0.61 m.

The MCNP-B general Monte-Carlo code for neutron and photon transport was used
to perform all the photon transport calculations. The ganuna-ray source energy
and spatial distribution of the upgrade configuration mentioned before were
used explicitly in the calculations with a continuous energy representation
for the gamma-ray interaction cross sections.

In the reference design, the coil shield thickness is 1.5 and 3.8 cm of lead
in the throat area and on the sides of the coil, respectively. The heat load
is 1.6 W per coil in the liquid helium system which satisfy the 10 W design
criterion.

The dose equivalent was calculated inside and outside the machine room on
spatial grid using the track length estimator technique. The dose equivalent
in the lower floor varies from 400 to 2300 rem/hr. The dose equivalent
reaches a maximum of ~ 17500 rem/h arc-md the first wall. The maximum dose
equivalent outside the machine room through the 2.4 m of ordinary concrete
is ~ 0.3 mrem/h (fractional standard deviation = 0.029) including the skyshine
contribution. The 1.5 m of ordinary concrete roof thickness reduces the
skyshine dose equivalent to _< 0.025 rarem/h. The use of "U" shape maze of 0.90
m width "or personnel access reduces the dose equivalent at the exit to 0.25
mrem/h.

REFERENCES;

1. Y. Gohar, "One-Dimensional Gamma Ray Shielding Analysis for EBT-P,"
Argonne National Laboratory, ANL/TM-151 (1981).

2. Y. Gohar, "EBT-P Gamma-Ray Shielding System," Argonne National Laboratory,
ANL/J.M-152 (1981).

3. R. A. Lillie, et al., "One-Dimensional Gamma-Ray and Photoneutron
Shielding Calculations for the ELMO Bumpy Torus Proof of Principle
Device," Nucl. Technol./Fusion 1, 542 (1981).

4. Los Alamos Monte Carlo Group, "MCNP-B General Monte Carlo Code for Neutron
and Photon Transport, Version 2B," Los Alamos National Laboratory, LA-
7396-Rev. (1981).

452



MEASUREMENTS OF ANGULAR FLUX ON SURFACE OF Li^O SLAB ASSEMBLIES AND THEIR

ANALYSIS BY A DIRECT INTEGRATION TRANSPORT CODE "BERMUDA"

Hiroshi MAEKAWA, Yukio OYAMA, Tomoo SUZUKI, Yujiro IKEDA and Tomoo NAKAMURA
Japan Atomic Energy Research Insutitute
Tokai-mura, Ibaraki-ken, 319-11 Japan

As the D-T fusion blanket will have many light nuclei and 14 MeV neut-
rons enter it from the core plasma via the first wall, it is very important
to study the anisotropic scattering in the fusion neutronics and shielding.
The Fusion Neutronics Source (FNS), having powerful pulsed beam, hii 1 been
completed in May 1981 at JAERI. Angle-dependent neutron leakage spectra
from Li.O slab assemblies were measured by the time-of-flight method using
the FNS to provide the benchmark data for the examination of the data and
method in the neutronics and shielding.[1] Lithium-oxide is a promising
<. ndinate for the blanket material due to high Li atom density and hence is
adopted in a fusion experimental reactor design at JAERI.[2]

The sizes of Li 0 assemblies were 31.4 cm in equivalent: radius and
5.06, 20.24 and 40.48 cm in thickness. The Li 0 bricks were made from Li 0
powder by cold pressing. Three types of blocks were made to sizes of 5.06
cm x 5.06 cm x 5.06 cm, x 10.2 cm and x 20.3 cm long. They were manufac-
tured by sealing one, two and four bricks,respectively, in a 0.2 mm-thick
stainless steel box. Density of Li C bricks was 75.5 % of theoretical den-
sity. Lithium-oxide blocks were stacked to form a pancake cylinder in a
frame composed by stacking thin-walled aluminum square tubes. The target
was located at 20 cm from the one side of the slab, and fast neutron leak-
ing from the central area of another side was measured by an NE 213 liquid
sintillator of 5.08 cm0 x 5.08 cm size at the angles of 0°, 12.2°, 24.9°,
41.8° and 66.8°. The detector was locatec 7.6 m away from the target in a
heavy shielding. An air-cooled 10 Ci Ti-T target was set at the end of 80°
beam line in the large target room of che FNS. Deuteron beam energy, pulse
width, peak current and repetition rate were 350 keV, 3 ns, 16 nA and 500
kHz, respectively. Absolute neutron yield was estimated by counting the
associated cx-particles of D-T reaction.

As the good n-Y discrimination can he realized in case of high bias
for high energy neutrons, the two-bias method to measure with two discri-
mination levels at tho same time was adopted in this experiment. Measured
energy range was above 0.5 MeV. Absolute detector efficiency was measured
and evaluated by D-T and Cf-252 neutron sources and Monte Carlo calcula-
tion. Thi. neutron leakage area at the surface of assembly defined by colli-
mator was measured using above two neutron sources. The result was compared
with the calculation which treated optically a pair of cylindrical colli-
mators considering the finite source valume. The difference between the
calculational and experimental effective areas was 4 %- The effective area
was determined to be about 5 %. The overall signal-to-background ratio of
this system was about 10 for 14 MeV neutrons.

A new Lwo-dimentional transport code "BERMUDA-2DN" has been developed
recently at JAERI in order to apply the analysis of this experiment.[3J
In the BERMUDA code, time-independent transport equation is solved for
two-dimentional, cylindrical, multi-regional geometry using the direct
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integration method in a multi-group model. In addition, group-transference
kernels are accurately obtained from the double-differential cross section
data, without the Legendre polyncainal expansion, but with the energy and
scattering angle correlation. A 51-group cross section set was obtained
from the ENDF/B-4 file. Its energy range was above 0.44 MeV.

A typical observed angular flux spectrum is shown in Fig. 1 along with
the calculated one. The measured source spectrum was used in the calcula-
tion. The experimental errors of energy and flux were estimated to be 44^7
X and -3 to +5 Z for systematic error, and 44.5 % and +.(5 to 20) % for
random error, respectively. Though the results were compared absolutely
and their exist discrepancies partially, the calculational spectra agree
fairly well with the experimental ones in the whole. It is clear that the
BERMUDA code was demonstrated to be able to apply the fusion neutronics and
shielding calculations.

References

[1] OYAMA, Y., MAEKAWA, H., TOF Measurements of Angle-Dependent Fast
Neutron Leakage Spectra from Li?0 Pseudo-Cylindrical Slab Assemblies,
To be published in JAERI-M

[2] SAKO, K., et al., Conceptual Design of a Gas*- Cooled Tokamak Reactor,
Nucl. Fusion, Special Suppl., Fusion Reactor Design Problems, 27&9J4);
JAERI-M 5502, (19731; JAERP-M 7300, (1977) (in Japanese)

[3] SUZUKI, T., et al., BERMUDA- 2DN : A Two-dimentional Neutron Transport
Code, 6th Int. Conf. on Radiation Shielding, Tokyo, May 16-20, 1983
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MARS AXICELL RADIATION DAMAGE AND SHIELDING ANALYSIS

Laila El-Guebaly, L. John Perkins, and C.W. Maynard
Nuclear Engineering Department, University of Wisconsin

The MARS tandem mirror reactor employs a high field axicell to mirror-
confine plasma particles without radial drift. This region presents
important magnet and shield problems to the designers. The field on axis
at the highest point is 24 Tesla. Production of this large magnetic field
requires the use of a hybrid solenoids where outer superconducting (S/C)
coils produce ~ 14 Tesla of the required axial field, while inner normal
conducting insert coils supply the balance. Figure 1 illustrates the geo-
metric configuration of the MARS axicell coils. The two inner normal con-
ducting coils are positioned with their inner bore behind the first wall
with no intervening shielding and are located coaxially with respect to
the outer superconducting coils. Shielding is placed between the normal
and S/C coils and ensures the operational integrity of the latter.

Mi COIL M2 COIL

S/C
COILS

INSERT
COILS>

' PkPeak
Neutron

ource

77 78 79 60 82 83 84 85 Z(m)

Fig. 1. Geometrical configuration of MARS axicell coils.

The radiation transport problem is modeled as an infinite cylinder and
discrete ordinates calculations are carried out using ONEDANT to investi-
gate the various responses of interest. In the normal coils there is
concern with both electrical and mechanical degradation of the ceramic
insulation and the electrical resistivity of the copper conductor due
primarily to transmutations. An additional potential problem is radi-
olytic decomposition of the water coolant leading to corrosion product
formation. Problems of concern in the S/C coils are the dose to the
polyimide insulation, heating in the S/C magnet, and dpa to the copper
stabilizer of the conductor. The final problem concerns the difficulties
of shielding the S/C magnets in the presence of penetrations since clear-
ances are always tight between coils.
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The wall loading in the axicell is over 4 MW/m2. This results in a peak
fluence of neutrons above 0.1 MeV in the Spinel used as insulator for the
normal coil of 3.5 x 10 2 2 n/cm2/FPY. Mechanical integrity of the insu-
lator manifests itself in this case by swelling and the amount of swelling
that can be tolerated is a design parameter which raist be set. Transmu-
tations in the copper winding produce impurities which increase the resis-
tivity and in turn increases the ohmic heat to be removed by the cooling
system. The limiting value is again a design parameter which must be set
but it will limit the useful coil life. These two limits combine to
insure the necessity of replacement of the normal coils on the order of
two years unless shielding is introduced in front of the coils.

In order to keep the S/C coils as small as possible the shield is opti-
mized for a 75 cm shield thickness using the three responses mentioned
above. The result was a 73 cm tungsten region backed by a 2 cm B^C
region. This actually provided somewhat more shielding than the design
goals and to make the shield somewhat less expensive without redesign of
the magnets we replaced the last 14 cm of tungsten with Fe-1422 stainless
steel.

In order to assess the shielding problem posed by the neutral beam in-
jection (NBI) duct, a three-dimensional radiation transport model was
implemented using the Monte Carlo code MCNP. The NBI duct is located mid-
way between the two coils. The duct injection angle is 90 degrees and the
duct opening is 32.5 by 48 cm and the first wall radius is at 30 cm at the
location of the duct. The S/C winding pack is located at 130 cm from the
plasma centerline, the equivalent thickness of steel provided by the mag-
net case and the cryostat is 5.8 cm which left 33.75 cm available for the
shield between the duct wall and the S/C magnet. The calculatipnal re-
sults indicate a peak dpa in the copper stabilizer of 3.6 x 10~ dpa/FPY.
In order to limit anneals of the S/C windings a limit of 1.9 x 10 dpa
after 5 FPY has been adopted. Thus the shield is inadequate on this
basis. An estimate was made as to the required shield leading to a need
for a 46 cm shield. This led to the abandonment of the use of neutral
beam injection in this region in later versions of MARS.

One major conclusion here is that it is possible with proper design to
place normal coils immediately behind the first wall provided one is pre-
pared to change out the coil in about two operating years. In addition it
should be noted that considerable care should be taken to provide adequate
clearance between coils if NBI's are to be used in high neutron source
zones.

llfMirror Advanced Reactor Study (MARS) Interim Report," UCRL-53333,
Lawrence Livermore National Laboratory (1982).

This work was funded by the United States Department of Energy.
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14-MeV NEUTRON ACTIVATION EXPERIMENT*

F. Y. Tsang and B. L. Rushton
EG&G Idaho, Inc.

Idaho Falls, ID 83415
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ON ISOTOPIC TAILORING FOR FUSION REACTOR RADIOACTIVITY REDUCTION*, M.Z.
Youssef and R.W. Conn, Fusion Engineering and Physics Program, School of
Engineering and Applied Science, University of California at Los Angeles.
Isotopic tailoring can be a means to reduce long-term radioactivity ievels
in fusion reactor structures. (^ In this paper, we identify those natu-
ral isotopes for each possible structural constituent that produce the low-
est theoretical radioactivity level, biological hazard potential (BHP), and
afterheat, both at shutdown and at very long times after blanket disposal
(10 year). Isotopes that contribute little to long-term activity levels
may produce large radioactivity and/or BHP levels at shutdown. To minimize
hazards, the present work shows which natural isotopes to select in using
isotopic tailoring.

In our analysis, the flux spectrum in the first wall (3 cm) of the d-d tan-
dem mirror reactor, SATYR,^) is used. The constituents of ferritic
steel (HT-9) are treated separately and the radioactivity indices are eval-
uated for each naturally occuring isotope.

96
For molybdenum, we find that Mo gives the lowest activity at shutdown and
at very long times. Other studies suggested Mo for isotopic tailoring in
a d-t reactor C ) . The Nb and Zr radioisotopes are the main contri-
butors to long-term radioactivity level in the Mo case, resulting from
the (n,t) and (n,a) reactions, respectively. The 14-.1 MeV neutron cross-
section for these reactions are low (~qj3x10~

 ano% 0-01 barns, respective-
ly). In addition, the Q-value for the 9bMo (n,t) reaction is ~9.3 MeV and
is thus energetically possible only at high energy. For comparison, when
tailorinq Mo to a 100% Mo, the main contributor to the long-term radio-
activity level is Tc. It comes from a double neutron capture in Mo
with an effective cross section of ~50 barns (higher than the Mo tailor-
ing-case). However, with Mo tailored to a pure ^Mo, the BHP value at
shutdown is two orders of magnitude less than the case where Mo is tail-
ored to pure Mo.This is due primarily to the large MPC for Mo. How-
ever, for times larger that a month after shutdown, the BHP level for the
Mo case falls below the corresponding value for the Mo case (see Fig.

(1).

We have completed this type of analysis for other constituents (Ni, Fe, V,
Cr, Si, C, W,) and the results show diversity in natural isotope selection
to achieve low levels at and after shutdown. An on-going evaluation is in
progress to produce similar information in a d-t reactor spectrum. Optimal
choice for isotopic tailoring may require including two or more natural
isotopes for a particular constituent with predetermined ratios to achieve
low radioactivity parameters both at shutdown and at long-times after blan-
ket disposal. In addition, tailoring elements that occur in high percent-
age (i.e., Fe) may be economically unreasonable. Whether or not isotopic
tailoring is practically feasible will ultimately depend upon the cost per
separative work unit (or cost per SWII). This in turn will depend upon the
technology employed (laser isotope separation, centrifuge, plasma separa-
tion process, etc.), the isotope and its abundance, and the percentage of
the element in an alloy. The results presented here provide the reference
data on radioactivity levels by isotope to permit detailed economic evalua-
tions as a function of separation technology now or at a latter date when
the technology of separating isotopes has developed further.
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NEUTRON ACTIVATION IN EBT-P

D. E. Driemeyer
McDonnell Douglas Astronautics Company, St. Louis, MO 63166

During the upgrade (90 GHz) phase of EBT-P operation shields are needed
to protect the superconducting coils from excessive heating by x-rays
generated in the high temperature (1-2 MeV) electron rings that are needed
for plasma stability. Lead makes an attractive, low cost, minimum thick-
ness coil shield, but may cause a neutron activation problem due to its
low threshold energy for photoneutron production. The objective of this
study is to investigate photoneutron production and device activation for
the planned operating scenario in order to determine if the use of lead as
a coil shield material causes any restrictions on device access. This
analysis thus provides the basis for a decision either to retain the lead
shielding or to replace it with a more expensive material having a higher
threshold energy for photoneutron production.

In order to better represent the actual geometry of the EBT and its effect
on photoneutron production, a two-dimensional transport calculation was
performed using the model shown in Figure 1. This model represents the EBT
as an infinite bumpy cylinder surrounded by a concrete wall (which is not
shown on the figure) located at R = 410 cm. Initially the model was used
to determine the hard x-ray flux in the various structural components.
Photoneutron production was then calculated by representing it as a fission
process; hence, the neutron flux distribution was a natural extension of
the x-ray transport model. The transport calculations were carried out
using an S-16 angular quadrature in order to minimize ray effects and a P-l
Legendre scattering expansion since the forward scattered component does
not strongly influence the final result.
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Activity levels were subsequently evaluated using the' activation cross
sections tabulated in the GAMMON library. The data in this library was
used to identify problem isotopes for which shutdown activation levels
were evaluated. The results of this analysis for the stainless steel
mirror cavity and the concrete wall are summarized in Table 1. In this
table Maximum Activity refers to the steady-state activity level per kilo-
gram of material which would be reached if the machine were to operate
continuously, Operation Correction refers to the reduction in this activ-
ity level due to an 8 hour on/16 hour off operating scenario, and the
Gamma Dose Rate is calculated by assuming that the observer is located
one meter from a one kilogram point source of the activated material.

Table 1
Component Activity Levels Following an Extended Period of EBT-P

Upgrade Operation

Component

Mirror Cavity

Hall

Principle
Isotopes

Mn-56
Cr-51
Mo-101
Co-58
Fe-59
Total

Na-24
Al-28
Total

Half
Life

2.6h
27.7d
14.6m
70.8d
44.6d

15. lh
2.3m

Maximum
Activity
(Ci/kg)

5.45E-6
2.62E-6
9.50E-8
1.29E-7
5.25E-8
8.35E-6

4.21E-7
4.14E-7
8.35E-7

Operation
Correction

0.883
0.336
1.000
0.334
0.335

0.460
1.000

Gamma
Dose Rate

(mrem/hr-kg)

4.32E-3
1.89E-5
6.03E-5
2.66E-5
1.37E-5
4.44E-3

3.61E-4
3.19E-4
6.80E-4

On the basis of the results summarized in Table 1 and the EBT-P component
masses and configuration, the total activation dose rate inside the device
enclosure immediately after upgrade operation is found to be ^ 6 mrem/hr.
Initially this dose is primarily due to the isotope Mn-56 with a 2.6h half
life. Within the first day after shutdown, however, the dominate isotope
shifts to Na-24 with a 15.lh half life, and it is that isotope which
causes the device enclosure to be a controlled access area (dose > 0.25
mrem/h) for *\» 3 days after shutdown. Several methods of using boron either
on or in the walls were investigated as a means of reducing this controlled
access period. The most effective was found to be the addition of 0.5%
boron by weight to the concrete. This modification shortens the controlled
access period from ^ 3 days to ^ 10 hours but also increases the cost of
the device enclosure, which must be considered in the final assessment.

The use of lead for shielding the coils from excess x-ray heating thus
causes' the device enclosure to be a controlled access area for a Tew days
following upgrade operation, but dose rates are low enough that personnel
residency should not be restricted due to radiation exposure. Furthermore,
no access restrictions arise following baseline (60 GHz) operation; there-
fore, there is no strong motivation to replace lead with another material.
It may, however, be desirable to borate the enclosure in order to reduce
the effect which impurities in the concrete might have on device activa-
tion levelB and to shorten the duration of the controlled access period
following shutdown.
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INTERCOMPARISON OF NUCLEAR DATA LIBRARY SOURCES, GROUP
STRUCTURES AND COLLAPSING SPECTRA FOR INTOR-EC

S. Pelloni, J. Stepanek, D. Dudziaka^

Swiss Federal Institute for Reactor Research (EIR)
a) On leave from Los Alamos National Laboratory to EIR

Previous work has shwon large variations in predicted tritium
breeding ratio for the European INTOR design (1) (INTOR-EC),
depending upon the nuclear data base selected. The present study
was undertaken to compare various generally available nuclear data
libraries, and to evaluate them relative to a reference 171-neu-
tron and 36-gamma group library. Using the group structures and
collapsing spectra of other fewer-group libraries, the effects of
these parameters could be evaluated. Also, any discrepancies in the
fewer-group libraries could be identified for further study. Nuclear
data selected for the study were transport cross sections and res-
ponse functions from the Los Alamos MATXS library, transport cross
sections and response functions from the DLC-37 library. The MATXS
library had been generated at Los Alamos with the NJOY code from
ENDF/B-IV and Los Alamos internal evaluations of pointwise microscopic
data. For the present study the generally available 30-neutron and
12-gamma group Los Alamos MATXS library (3) was used without modifi-
cation or further collapse. However, the reference VITAMIN-C (DLC-41)
library was used both uncollapsed as a reference and after collapse
with the group structures and weighting schemes used by Los Alamos
and by General Atomic Co. (GA) in producing their respective fewer-
group libraries. Further comparison were then made with previous cal-
culations performed (1) at GA, where the DLC-37, DLC-41 and MACKLIB-IV
libraries had been collapsed into GA's 25-neutron and 21-gamma group
structure.

Tritium breeding ratios were calculated with the various libraries for
two alternative INTOR-EC breeder blanket designs, one employing Lii7Pbe3
and the other Li2SiO3 with a Pb multiplier. Results are presented in
this summary for the former design, where the model consists of a 250-cm
inner radius cylindrical first wall of 3-cm thick Al (20u/o H2O), followed
by a 40-cm breeding region of 80u/o Lii7Pb83, IOU/0H2O and 10u/oSS-316,
and finally a 12-cm reflector of solid SS-304. Calculations were per-
formed at EIR using the SURCU surface flux transport code with double P2
spatial and P3 scattering approximations, and with the ONEDANT discrete-
ordinates code in S8P3 approximation.

Table 1 shows sample results for the breeding ratios. Principal conclu-
sions from the table and other results to be presented are that the
group structure choice has only about a 1 % effect (cases 3 and 5 vs
case 1), as does the weighting spectrum (cases 3 vs 4 and 5 vs 6), but
in all cases the Los Alamos group structure and weighting spectrum are
most accurate in reproducing the reference calculations.



Also, attempts to reproduce the 6A collapsed data were unsuccessful,
and those GA data gave large (>4X in table 1 and up to 23 % for U2SO3)
deviations from the reference results. The discrepancies were narrowed
to the 6Li (n,t) ''He reaction in the thermal energy region, where most
reactions occur, but the response functions also differ significantly
in the higher energy region, implying that the GA weighting function
actually deviated considerably from 1/E.

Table 1 TRITIUM BREEDING RATIOS FOR INTOR-EC Li17Pb83BLANKET
USING DIFFERENT NUCLEAR DATA SETS

Tritium
production

Transport code
used

30 %
Enrich,
6Li

6Li(n,t)

7Li(n,nt)

TOTAL

Case

1

SURCU

1.275

0.013

1.288

Case

2

ONEDANT

1.269

0.013

1.282

Case

3

SURCU

1.283

0.013

1.296

Case

4

SURCU

1.294

0.013

1.307

Case

5

SURCU

1.290

0.013

1.303

Case

6

SURCU

1.294

0.013

1.307

Case

7

ANISN

1.322

0.013

1.335

Case 1: VITAMIN-C library (171 neutron + 36 gamma groups)
Case 2: LANL-NJOY library (30 neutron + 12 gamma groups)
Case 3: VITAMIN-C collapsed to LANL 30 + 12 group structure using

LANL weighting spectrum
Case 4: VITAMIN-C collapsed to LANL 30 + 12 group structure using

1/E weighting spectrum
Case 5: VITAMIN-C collapsed to GA 25 + 21 group structure using

LANL weighting spectrum
Case 6: EIR calculation performed using VITAMIN-C collapsed to GA

25 + 21 group structure using 1/E weighting spectrum
Case 7: GA calculation performed using DLC-37 library collapsed to

GA 25 + 21 group structure using 1/E weighting spectrum
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DEVELOPMENT OF THE TWO-DIMENSIONAL CROSS-SECTION SENSITIVITY AND
UNCERTAINTY ANALYSIS CODE SENSIT-2D WITH APPLICATIONS TO THE FED

M. J. Embrechts, D. J. Dudzlak, and W. T. Urban, Los Alamos National
Laboratory, Los Alamos, New Mexico, 87545

The calculation of nuclear design parameters is often limited in accuracy
due to errors resulting from calculational methods and the cross-section
data utilized. Cross-section sensitivity analysis has become a widely
applied design tool which allows the user to pinpoint the most crucial
cross sections in a specific energy range for a particular design. A
cross-section sensitivity analysis leads to a broader interpretation of the
results from a transport calculation and, in conjunction with an
uncertainly analysis, provides a way to estimate errors for a particular
response (e.g., nuclear heating, radiation damage, etc.). Consequently, it
can be determined where improvements in the nuclear data and/or the design
are needed to reduce that uncertainty. The complicated geometry of a
fusion reactor makes che capability to undertake a two-dimensional
sensitivity analysis in a toroidally symmetric system highly desirable.

A two-dimensional code, SENSIT-2D1, which can nodel a toroidal geometry,
was developed and has been applied to a conceptual design for the FED
blanket/shield. SENSIT-2-D has the capability for cross-section
sensitivity and uncertainty analyses, secondary-energy-distribution (SED)
sensitivity and uncertainty analyses, and design sensitivity analyses. The
algorithms utilized are based on first-order perturbation theory. The code
allows (x,y) or (r,z) geometry options and accepts group dependent
quadrature sets. SENSIT-2D is intended to be used in conjunction with the
two-dimensional multigroup, discrete-ordinates transport code TRIDENT-CTR.2

Two-dimensional and one-dimensional cross-section and SED sensitivity and
uncertainty analyses of the heating and the copper d.p.a. in the inboard
toroidal field coil of the FED conceptual design were performed. An (r,z)
geometry representation for the FED is reproduced in Fig. 1. Although the
calculated uncertainties in this case for the 2-D model are of the same
order of magnitude as those for the 1-D model, there is no a priori way to
determine if there might be severe differences. The more complex the
geometry the more compulsory 2-D analysis becomes. Specific 2-D results
for the FED shield and toroidal field (TF) coil show that the major
contribution to the cross-section uncertainty are chromium and iron, with
relative standard deviations of 96.7% and 47.3Z, respectively, in the TF
coil integral heating. Corresponding values for the SED uncertainties are
4.92 and 18.4%. Contributions to the total uncertainty were smaller for
nickel, copper, hydrogen and carbon. Results for a similar study of the
hot-spot heating in the TF coil were within 2% of those for the integral
heating. All analyses were performed with the Los Alamos 42-group MATXS
cross-section library (ENDF-BV), and the COVFILS3 covariance matrix
library. The large uncertainties due to chromium result mainly from large
covariances for the chromium total and scattering cross sections.

Work performed under the auspices of the USDOE.
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This paper will highlight the features of SENSIT-2D and will give detailed
results for the 1-D and 2-D sensitivity analysis for the heating and copper
d.p.a. of the TF coil for the FED conceptual design.
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OVERVIEW OF FIRST WALL, BLANKET AND SHIELD TECHNOLOGY AND PROGRESS

R. E. Nygren
Argonne National Laboratory

9700 S. Cass Avenue
Argonne, Illinois 60439

Progress in recent years in plasma physics, materials research and design
analysis has brought a better understanding of the general engineering
objectives for developing nuclear systems for advanced fusion reactors. This
overview will focus primarily on the areas of heat rejection, electromagnetic
effects and remote maintenance, and will touch on related efforts in reactor
design and materials research. The first portion of the presentation (and
paper) will summarize technical issues using examples from recent design
studies (FED/INTOR, DEMO MARS, STARFIRE, etc.) and will briefly describe the
scope of ongoing experimental programs. The second portion will review the
results from two programs, the First Wall/Blanket/Shield Engineering
Technology Prograra (FWBS Program) and the TRIO Blanket Processing Program.
Brief descriptions of these programs are given below:

The FWBS Program is an experimental program, broad in scope, with the overall
objective of providing engineering data that will define performance
parameters for nuclear systems in near-term and advanced fusion reactors. The
program comprises four separate elements: 1) thermotnechanical and thermal-
hydraulic testing of first wall component facsimiles with emphasis on surface
heat loads; 2) thermomechanical and thermal-hydraulic testing of blanket and
shield component facsimiles with emphasis on bulk heating; 3) electromagnetic
testing of first wall, blanket, and shield component facsimiles with emphasis
on transient field penetration and eddy current effects; and 4) studies of
assembly, maintenance, and repair with emphasis on remote handling
techniques. Program Elements (PE) 1, 2 and 4 above are performed by
industry. PE-3 is performed by Argonne National Laboratory (ANL), which has
responsibility for overall technical direction of the program.

In PE-1, surface heating is simulated using rastored electron beams.
Westinghouse began surface heating tests in December 1981 using a 50 kW e-beam
source (ESURF). In June of 1982 a more powerful 100 kW facility (ASURF) cap-
able of accommodating test pieces of 1 m m in size was completed. The
experimental data from tests in ESURF and ASURF will support the development
and verification of analytical models that can accurately describe the
temperatures, gradients, distortions and hydraulic behavior of advanced heat
rejection components.

PE-2 initially has focused on solid breeding blankets. Araong the critical
engineering issues with high priority identified by General Atomic and EG&G,
Idaho for resolution in PE-II are (1) the rate of heat transfer from a
(ceramic) solid breeder to a (stainless steel) heat sink i.e., the "gap
conductance problem' and (2) the long term configuratlonal stability of solid
breeders operating in a system with terperature gradients and flowing purge
gas. Scoping tests in both areas were underlay in the fall of 1982.
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In PE-3, construction of a large magnet facility, the Fusion Electromagnetic
Induction Experiment (FELIX), is in progress at ANL and operation is expected
in the spring of 1983. FELIX will be the test bed for benchmark experiments
in electromagnetic effects and will support parallel development of the
calculational tools for analyses of eddy currents that can reduce field
penetration or can produce body forces on reactor components. Our analytical
capability must develop sufficient sophistication to treat the segmented,
inhomogeneous configurations of fusion reactors.

In PE-4 McDonnell Douglas and Remote Technology have been working together in
1981 and 1982 to identify key issues in remote maintenance appropriate for the
program's resources. The twofold approach will (1) seek out and compile
existing useful information in a Designer's Guidebook and (2) proceed with a
series of tasks involving limited development of test hardware such as (a)
remotely activated fasteners for vacuum joints and (b) remotely activated
electrical contacts that provide a preferred current shunt between adjacent
first wall sections.

The blanket processing program at ANL emphasizes development of solid or
liquid lithium-bearing materials as the tritium breeding media for fusion
reactor blankets. Current efforts are focused on an in-pile test of tritium
recovery from solid breeders, i.e., the TRIO-01 experiment. TRIO-01 is a
comprehensive test of a miniaturized blanket assembly. Irradiation in the Oak
Ridge Research Reactor began in November 1982 and was scheduled to run through
April 1983. The experiment is designed to test continuous, in-situ recovery
of tritium from the solid breeder (LiA102) which is in the form of a hollow
cylinder. Helium purge gas sweeps past the inside surface and collects
tritium which has migrated out of the breeder. The sweep gas lines pass
upward through the top of the reactor tank to a gas analysis station where
tritium levels and chemical compositions of the sweep gas are measured.

Both of the programs above began experimental work in 1982 and results were
not yet available (in October). Results from TRIO and from several first
round tests in the FWBS Program will be available at the time of the Knoxville
meeting. This paper will provide an overview of selected results and details
will be covered in other papers.
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FUSION POWER BURST FACILITY - A DISTRIBUTED 14 MeV NEUTRON RADIATION FACILITY
FOR ENGINEERING SCALE FW/B COMPONENT SYSTEM TESTING AND DEVELOPMENT

P. Y. Hsu, L. 0. Miller, Y. D. Harker, A. J. Scott, T. S. Bohn
F. J. Wheeler, D. E. Wessol, G. A. Deis, K. D. Watts

EG&G Idr.ho, Inc.

A distributed pulsed 14 MeV neutron source is described which utilizes the
high powered (270 GW) and large test volume (8" diameter x 28" length) Power Burst
Facility (PBF) at the Idaho National Engineering Laboratory. The concept of
utilizing existing fission test reactors for fusion FW/B components and
systems have been adequately documented.^ In all previous scenarios, the
normal fission spectrum including tailoring were shown to produce adequate
heating profiles and to some extent tritium breeding. However, one recognized
shortcomings is the absence of the 14 MeV neutron component. This work describes
a scheme whereby the fission neutron from an existing reactor are configured
to include the production of a 14 MeV component.2,3

Preliminary calculations shows that using existing PBF components for short
pulses starting at 5 msec, a li MeV flux of the order of 2.5 x 10 ^ n/sec/cm
can be produced. If on the other hand the ^-inch wall thickness inconel in-
pile tube is replaced by one made of zircaloy, an additional order of magnitude
in 14 MeV neutron yeild can be otabined. It should be pointed out that the
cost of such a changeover is relatively small. Thus a fusion power burst
facility (FPBF) capable of producing 14 MeV neutrons in excess of 1 MW/m"1 wall
loading can be realized in the near term.

This large volume distributed 14 MeV neutron source is shown to be pertinent
to near-term (TFTR) and the next pulsed fusion machine such as the FED. As
currently conceived, the FPBF has the highest potential to provide a test
space large enough to accommodate engineering scale components whose behavior
can be correlated between fission based testing with a representative 14 MeV
fusion neutron environment.

The following aspects of the FPBF are envisioned to provide an engineering
data base for low-level dosimetry development for TFTR application. The
Lithium Blanket Module scheduled for TFTR^ seeks to demonstrate the range of
blanket technology from a distributed neutron source which will be representative
of future fusion machines. However, testing to date have used exclusively
separate 14 MeV point source and hard spectrum from fission reactors such as
CFRMF.5 At a minimum, it is suggested that a representative LBM module
placed in the FPBF will provide invaluable data prior to testing on TFTR.
Moreover, this preliminary step of using FPBF will provide added confidence to
a large range of the TFTR technology development activities, since a fusion
typical environment will be available.

A second example (others will be discussed in the paper) involves the behavior
of solid breeders in a fission spectrum. One of the critical issues involves
the ^Li burnup and self shielding of test modules inside a fission spectrum.
It is suspected that the °Li reaction will produce non-representative heating
profile,6 thereby raising questions on the stress characteristics of component
testing for thermal hydraulic and therraomechanical experimentation. The
proposed FPBF will be able to adequately address this uncertainty by providing
in-situ, both features, an environment characteristic of a fission system and
one with the full fusion spectrum.
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THE TFTR LITHIUM BLANKET MODULE
FINAL DESIGN AND MATERIALS DEVELOPMENT

D. W. GRAUMANN, R. L. CREEDON, B. A. ENGHOLM, J. R. LINDGREN, and
L. YANG, General Atomic Company, San Diego, CA

A Lithium Blanket Module (LBM) representative of a fusion reactor blanket
nodule has been designed by General Atomic Company and EG&G Idaho under
contract to Princeton Plasma Physics Laboratory with the sponsorship of the
Electric Power Research Institute.1 Fabrication of the LBM is expected by
the end of 1983. The LBM will be tested using the toroidal neutron source
of the Tokamak Fusion Test Reactor (TFTR) beginning in late 1984, and mea-
surements of spatial integral neutronics and tritium production throughout
the LBM will be compared with analytical predictions of Monte Carlo neu-
tronics codes* Adequate neutronics and tritium breeding data for compari-
son with theoretical predictions can be obtained both with the relatively
large number of low fluence (~ 10*0 n/cm^ per shot) D-D and D-T runs and
with the small number of high fluence (~ 10*2 n/cm^ per shot) D-T runs
planned for TFTR operation in 1984 to 1986. The LBM program is also pro-
viding operational experience in several critical areas of fusion blanket
technology, including fabrication of breeding elements, blanket dosimetry
measurements in a tokamak reactor environment, and electromagnetic isola-
tion of blanket modules from the tokamak plasma.

TABLE I. MATERIALS AND DESIGN SELECTIONS FOR THE LBM

Applicable in
Power Reactor

Breeding material Li£O (with natural isotopic content) /
Coolant (15% void) Air (corresponding to helium) /
Structural material Stainless Steel 316 /
Breeder element Sintered Li20 pellet, 2.5-cm diam, 2.5-

cm length, and 80% theoretical density /
Cladding Stainless Steel 316, 0.3-mm thick /
Breeder lattice 923 close-packed radially oriented rods,

60-cm breeder section /
Sample retrieval 1) Thirteen removable breeder rods in

central region
2) Selected buffer-zone rods removable

Neutron dosimetry 1) Wires between rods /
2) Foils in rod pockets

Neutron multiplier Provision for 500-kg slab at front face
Neutron reflector Stainless Steel 316, 20-cm deep /

The geometric and physical characteristics of the breeder, structure and
coolant arrangement of the LBM were selected to be applicable to the blan-
ket nodules of a power reactor as indicated in Table I. The LBM consists
of a cubical array of 923 radially oriented cylindrical breeder rods, 2.54
en in diameter. Each rod consists of a 60-cm long section of lithium oxide
pellets contained in a 0.3-nm wall stainless steel tube followed by a 20-cn
long solid stainless steel neutron reflector rod. Lithium oxide was selec-
ted as the tritium breeding material because it can provide a tritium
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breeding ratio greater than 1.0 in the case of a complete coverage blanket
without the use of an independent neutron multiplier, and because of the
elimination of competing materials due to safety considerations, tempera-
ture constraints, or lack of basic data.2 Certain breeder rods are speci-
ally designed to incorporate activation foils for neutron dosimetry and/or
aluminum clad pellets for tritium dosimetry. In addition, provisions for
inserting dosimetry wire bundles into the tricusp spaces between rods have
been included. The 20 cm diameter central zone of the LBM contains the
primary test elements and can incorporate up to 13 instrumented rods and 25
wire bundles. Selected locations in the surrounding buffer zone can also
accommodate dosimetry rods and wires. The removable instrumentation is
retained by two doors at the rear of the LBM.

Procedures for mass producing 25,000 2.50 cm diameter x 2.54 cm long
lithium oxide pellets have been developed. An automated press with hopper-
feed capability and a tungsten carbide die is used to cold press the pel-'
lets to a green density of ~ 75% in a slightly oversized configuration
using minus 100 mesh LI2O powder. These pellets are then sintered on nick-
el trays at a peak temperature of 1100°C for four hours in batches of ~ 500
using a cold-wall vacuum furnace. Sintered pellets with densities suffi-
ciently close to the desired 80% and diameters within a few tenths of a
millimeter of the required 2.50 cm are thus obtained. The pellets, which
are stored in a controlled dry atmosphere, are subsequently assembled into
the breeder rods.

Neutronics analyses performed in support of the final design included
implementation of coupled Monte Carlo techniques and cell calculations.
The TFTR configuration was found to be ideally suited to coupled calcula-
tions because a series of detailed calculations can be performed on the
module itself without having to repeat the part of the calculations related
to neutron transport in the TFTR. In the coupled calculations, a long ini-
tial run of the overall TFTR/ LBM was made to determine the neutron fields
incident on the LBM surfaces, followed by shorter runs of the LBM itself
using these neutron fields to obtain details of neutron fluxes, tritium
production rates and foil responses.

Passive dosimeters consisting of foils and wires that are activated by neu-
trons in the LBM were selected to provide integral reaction rate data.
Dosimetry feasibility demonstration experiments have been performed at EG&6
Idaho to qualify the dosimetry for D-D and D-T neutron operation in TFTR.
Tritium dosimetry will be performed by the thermal extraction method, heat-
ing the II20 pellet to ~ 950°C in a purge flow stream of helium. This
method is expected to give the lowest uncertainty of any method in deter-
mining the small tritium concentrations in the LBM breeder pellets follow-
ing each D-D or D-T run (0.1 to 10 nanocuries per gram of lithium).

This work is being performed under subcontract number S-01778-A from
Princeton University Plasma Physics Laboratory under the sponsorship of the
Electric Power Research Institute, Research Project 1748.
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PROGRESS IN STUDIES ON Li,,Pbo, AS LIQUID BREEDER FOR FUSION REACTOR BLANKETS
1 / S3

by

6. CASINI

Commission of the European Communities

J.R.C.-Ispra Establishment

Italy

A relevant effort is being pursued at JRC-Ispra to assess the feasibility

of the eutectic Li]7Pbg3 as a liquid breeder for experimental and power

fusion reactors. The activities in progress are comprehensive of :

- experiments for data base acquisition and implementation

- design studies on blanket concepts.

Data_Base- Acquisition

Calorimetric measurements of the Li^Pbg^ eutectic mixture have been per-

formed in the temperature range (25-3OO°C). Melting temperature, enthalpy

of fusion and specific heats at constant pressure have been measured.

The solubility of hydrogen isotopes in liquid Li]7Pbs3 has been investiga-

ted in collaboration with the University of Cagliari. A strong dependence

of the Sievert's constant from the gas pressure was found, which calls for

new experiments.

The chemical reaction of Li^Pbgj with air was found to be mild. It was im-

possible to cause self-ignition of the heated samples. Experiments"where

the eutectic was dribbled in water in a closed crucible have shown a gas

pressure increase corresponding to a reaction of about 15% of the alloyed

lithium.

Two types of compatibility experiments between Li Pb and steel are in
17 83

progress:
- static corrosion tests with AISI-316 L and Mn-Cr steel in the temperature

range 400-600°C up to 6000h

- tensile tests on notched specimens treated at low temperature (3O0-35O°C)

under constant load.

The results insofar obtained indicate that, in case of AISI-316, no corro-

sion problems are expected if the maximum temperature does not exceed 400°C.

On the other side, liquid metal embrittlement can not be excluded at low

temperature ( d 300°C).

Blanket_Conceptual Design

A blanket design with Li]7Pbg3 as liquid breeder and water as coolant has

been studied in the frame of the INTOR project. The proposed design is com-

posed of a thermal panel (first .wall) and separated breeding units, arranged

along the poloidal direction. A reactor segment contains 24 breeder units.

Each unit is constituted by a steel vessel, containing the breeder and the

cooling tubes. In the table are shown the main features of the proposed blan-

ket units.
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Breeder Lij7Pb83 (30Z Li-enr.)

Coolant H2O

Structure AISI-316

Radial thickness, mm 460

Coolant tube ID/OD, mm 18/21

In/out coolant temperature, °C 240/260

Coolant pressure, MPa 5

Max. vessel temperature, °C 370

Max. breeder temperature, °C 355

Max. Von Mises stress, MPa 110

Local breeding ratio at 1.25

This design looks satisfactory for standard operation conditions; however,

the problem of the breeder vessel integrity associated to a coolant tube

rupture appears serious and deserves further investigation. Simulation ex-

periments of this type of accident (water-breeder interaction) are in pro-

gress at Ispra.

The method of continuously removing the tritium produced by an inert gas

flowing in an extractor outside the blanket, in countercurrent with the

liquid breeder, appears attractive but requires experimental verification.

First calculations show that, in order to maintain a tritium inventory of

200 g in the blanket, for an extractor column of 1.7 x 15 m, a gas flow of

about 9 1/s is needed.

The problem of keeping the breeder always liquid during the reactor opera-

tion has been investigated on the basis of the experience acquired from

fast fission reactors. The conclusion is that the plant layout looks fea-

sible and then this aspect is not considered a critical issue for the use

of Li Pb as breeder in fusion reactors.
17 83
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MARS HIGH TEMPERATURE BLANKET

J. D. Gordon, D. H. Berwald, B. A. Flanders, J. R. Garner, S. C.
Mortenson, TRW Energy Development Group; J. F. Partner, C. A. Sink,
J. C. Yu, K. L. Agarwal, S. Dharmarajn, General Dynamics; N. M.
Ghoniem, U.C.L.A.; N. J. Hoffman, E.T.E.C., Rockwell International

The MARS high temperature blanket is designed for the dual applica-
tions of either high efficiency electricity production or process
heat for synthetic fuel production. Other blanket design goals
are tritium self-sufficiency, low tritium inventory, more than 40%
of the blanket energy extracted at high energy, long lifetime in
the neutron environment, no use of reactive liquid metals, minimiza-
tion of long term activation and use of characterized materials and
fabrication techniques. This challenging set of goals has been met
with a novel blanket design that uses radial zoning and the unique
properties of the lead-lithium eutectic, Pbg3Li;u, as a coolant/
neutron multiplier/breeder. During the first year of MARS, the
blanket design was optimized for electricity production. A reopti-
mization for the synthetic fuel application is in progress.

Twenty-four blanket modules, each 6.32 meters long, make up the
tandem mirror central cell. An isometric of the module is shown
in the figure. The modular design allows rapid changeout of all
central cell components. The blanket is radially zoned to maintain
the metallic structure at moderate temperature. The front zone of
the blanket has an HT-9 ferritic steel structure cooled by Pb83Lii7.
HT-9 was chosen because of its excellent mechanical properties, low
swelling, compatibility with Pb33Lii7 and relatively low long term
activation. The Pbg3Lii7 cools the structure to a maximum temperature
of 520°C while also serving as a neutron multiplier and supplemental
tritium breeder. About 52% of the energy incident on the blanket is
deposited in the front radial zone. A small heat leak from the
high temperature zone, causes 54% of the energy to be extracted in
the Pb33Lii7 coolant. The Pbg3Lii7 enters the blanket at 372°C and
exits at 482°C. The upper temperature was chosen for HT-9/Pbg3Li]7
compatibility and for thermal creep reasons. The lower temperature
was chosen to minimize radiation embrittlement of the steel. The key
radiation effects problem is shift of DBTT or radiation embrittlement;
this problem is amelioriated by sixty hours of annealing at a uniform
temperature of 450°C performed during an annual maintenance period.

The high temperature blanket zone is composed of 12 circumferential
HT-9 pods that are thermally Insulated from the energy absorbing
material. A porous silicon carbide (80% TD) pebble bed impregnated
with 2 atomic % enriched LIAIO2 is used for energy absorption.
Placing the tritium breeding material in the high temperature zone
increases the fraction of high temperature heat. Enriching the
breeding material to 90% in "Li allows it to be present in low
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concentration and eliminate sintering of the breeder. The zone it
cooled by SO atmosphere helium with an outlet temperature of 900*C.
The maximum pebble temperature la about 980*C. Thia high temperature
increase* the speed of tritium diffusion and allows moderate LIAIO2
grain sizes of 50 van. The preclusion of thermal sintering and the
insolubility of tritium in SiC along with fast thermal diffusion
results In an estimated tritium inventory in the blanket of 25 g for
3500 MW of fusion power. This new concept of enriched LIAIO2 in a
SiC matrix has significantly improved the performance of high temper-
ature blankets.

The MASS blanket is designed for a neutron wall loading of 5 MW/m*
accompanied by a surface heat flux of 6 W/co2. Neutronics analyses
show that the tritium breeding ratio at beginning of life is 1.13;
the TBR decreases to 1.06 after 4 years. Energy multiplication is
1.15. About 90Z of the tritium breeding occurs in the LJLAIO2 with
the r»st occuring in Pb83^*17« Radiation damage to the first wall
la at 70 dpa/full power year* However, the radiation resistance of
HT-9 combined with a swelling-tolerant design should allow a lifetime
in excess of 200 dpa or 4 calendar years.

The blanket has been Integrated with a combined Brayton and Rankine
energy conversion cycle to produce electricity with a thermal
efficiency greater than 45% including helium compression and pumping
and lead-lithium pumping. The combination of high thermal efficiency
and reasonable blanket costs result in a relatively low cost of
electricity. Blanket costs are dominated by the cost of silicon
carbide. Blanket produclbility studies have shown that the design is
fabricable with standard techniques that are in current practice.

Work funded under LLNL Contract 5299101.

MARS HIGH TEMPERATURE BLANKET
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DESIGN OF HIGH TEMPERATURE FIRST WALL AMD BLANKET FOR A DD
COMPACT REVERSED FIELD PINCH REACTOR (CRFPR)*

A.E. Dabiri, J.E. Glancy, Science Applications, Inc.

A part of the assessment of the engineering and technological differences
between DD and DT fueled Reversed Field Pinch (RFP) reactors is the design
of a first wall/blanket which would take full advantage of the absence of
tritium breeding in the DD reactor. The primary objective for the first
wall/blanket design are: use of conventional technology to the greatest
extent possible; production of high temperature heat suitable for use in a
high efficiency generating cycle; minimization of the quantity of radio-
active material produced; high neutron energy multiplication; and reason-
able cost.

The RFP assessment focuses on compact reactors because the annual generat-
ing cost of electricity for a compact reactor is projected to be signifi-
cantly lower than that of an equal capacity conventional fusion reactor
(Ref. 1). Two design points for a DD/CRFPR have been proposed (Ref. 2):
(1) /ully "cost optimized" design with a first wall thermal load of 17
MW/m and neutron wall loading of 10.6 MW/m ; and (2) a "cost degraded"
with^a first wall thermal load of 4.87 MW/m and neutron wall loading of 3
MW/m . The degraded design is obtained by reducing the power density of
cost optimized design until the first wall surface heat flux is equal to
the "cost optimized" DT/CRFPR.

Compact reactor first wall and blanket design requirements differ from
those of conventional fusion reactors in the following respects: (1) there
is no limiter and the full particle energy load is absorbed by the first
wall, (2) the thermal wall loads are considerably higher and therefore the
banket power density is higher (factor of 5-15), and (3) the neutron wall
load is higher and therefore the blanket power density is higher (factor of
5-15).

The thermal hydraulic analysis of a first wall made of AMAX, a high tem-
perature copper alloy, consisting of channels formed by a corrugated face
plate and a flat-backing plate resulted in the following conclusions:

o For the cost degraded reactor (first wall power of ̂ 5 MW/m ) and for
12.5 Mpa (1800 psia) coolant pressure, a 3 mm first wall thickness
results in an operating life of 10,000 hours before creep rupture
occurs. The creep rupture life could be increased by a factor of
more than 10 if the coolant pressure is reduced by a factor of 2.

o For -the fully cost optimized reactor (first wall loading of 17
MW/m ), the creep rupture strength is substantially reduced due to
the high operating temperatures (600-700°C), and therefore, the AMAX
first wall cannot withstand the stresses even using low coolant
pressure (6.2 Mpa) and thick first walls (3 mm).

The above conclusions assumes no neutron irradiation effects. However, it
is known that neutron radiation accelerates creep rupture and shortens
creep rupture lifetime.

*Work supported by the Department of Energy, Office of Fusion Energy.
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Based on these conclusions, the first wall/blanket was designed for the
cost degraded reactor with a coolant pressure of 6.9 Mpa (1000 psia) to
maintain a long creep rupture life. The first wall is made of AMAX and the
olanket consists of four banks of titanium modified austenetic stainless
steel tubes (PCA) and separated by a graphite layers.

The first wall is partially cooled by feedwater flowing in channels formed
by a corrugated face plate and a flat backing plate. The feedwater enters
at 250°C and it is heated to saturation (285°C and 6.95 Mpa). The feed-
water is combined with a recirculation flow and directed to the remainder
of the first wall, first bank of the tubes and part of the second bank Of
the tubes of the blanket where the mixture is thermally boiled to a quality
(steam weight fraction) of 25%. P.e steam is collected and distributed
among the remainder of the second tube bank and the two other tube banks
where it is superheated to 538°C in series flow. A steam cycle with
steam-to-steam reheat yielding about 38 percent efficiency is compatible
with this design.

Thermal analyses indicate that the maximum temperature in the AMAX of the
first wall is 430°C, which is below the range where the allowable stress
drops rapidly. The maximum temperature of the stainless steel in the
blanket is 610cC and at this temperature the allowable stresses are still
fairly high (430 Mpa). Temperature peaks at the outer surface of the
superheater tubes. The inner surface is about 70°C cooler.

Stress analyses of the AMAX first wall indicate that the combined thermal
and pressure related stresses are about one third the ultimate strength of
400 Mpa at 430°C. The maximum primary tensile stresses were 106 Mpa which
will result in one percent creep after around 100,000 hours of operation.
The stainless steel tubes in the blanket will have maximum primary stresses
of 38 Mpa, well below creep rupture limits, and total stresses (including
thermal stresses) are well below the ultimate strength of the material.

A review of the response of the first wall and the blanket materials to
stress and thermal effects and radiation induced effects such as helium
swelling indicated the following:

o operating the AMAX-MZC at a temperature of 430°C should reduce
swelling in the first wall to low levels,

o swelling of the graphite is low since the operating temperature range
of graphite layers are about 1300-1600°C (.5%/dpa final volume change
at 1300°C and virtually eliminated at 1600°C).

o blanket tube ductility loss should be acceptable for minimum 6 full
power years.

References
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Fusion Reactor Concepts," presented at National Science Foundation
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2. R.L. Hagenson and R.A. Krakowski, "Compact Reversed-Field Pinch
Reactors (CRFPR), Sensitivity Study and Design Point Determination,"
Los Alamos National Laboratory Report L.A. 9389-MS, July 1982.
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HIGH PERFORMANCE BREEDING BLANKETS FOR ICF FACILITIES

A. R. Larson and I. 0. Bohachevsky
Los Alamos National Laboratory

I. INTRODUCTION
Abundant sources of high-energy neutrons are needed for generation of
special nuclear materials (and tritium). This need may be satisfied by
employing inertial confinement fusion (ICF) pellets as a source of
neutrons. Using fusion neutrons, instead of fission neutrons, is
advantageous because they have sufficient energy for neutron multiplication
through both (n,xn) reactions and fission reactions in noncritical
systems. Also they are sufficiently energetic to use the (n,n'%)
reaction of 'Li for tritium production. Large neutron multiplications
allow tritium breeding ratios greater than one; therefore, the ICF breeder
can supply its own tritium requirements. Previous analysis of an ICF
breeder facility has shown that it is cost-competitive with other breeding
facilities.* The plant-size and pellet energy-gain requirements are
greatly reduced from an ICF power-production reactor. For example,
consider a tritium breeder with an attainable breeding ratio of two tritons
per source neutron. If it is driven by ICF pellets yielding 10 MJ each at
10-Hz frequency, it will produce 5.6 kg of excess tritium per year. If
this ICF breeder uses (1) an 8% efficient driver, (2) pellets with an
energy gain of 7.6, and (3) a fissile blanket, it could supply the 820 MW
of thermal power needed to run the laser. The required laser energy is 1.3
MJ. This breeding facility is the size of a small power plant, and the
driver is similar to next-generation lasers proposed for ICF research.
Because an elementary analysis has shown that an ICF breeder may have many
advantages, we are carrying out more detailed studies of blankets for such
a facility. The following sections present a summary of our research in
the areas of neutronics, heat flow, and fluid flow.

II. NEUTRONICS

We are studying two types of blankets (1) those with nonfissile neutron
multipliers and (2) those with fissile neutron multipliers. The second
type produces fissile fuels, such as 239pu o r 233us i n addition to
tritium. To guide us in choosing blanket materials and mix ratios, we have
completed calculations of neutron multiplication, tritium breeding,
plutonium breeding, and energy multiplication from a pellet source of
14.1-MeV neutrons inside blankets sufficiently large to absorb all the
neutrons. We have calculated tritium breeding ratios as high as 2.7 for
natural lithium mixed with beryllium and also for a fissile blanket of
&Li and 238u. The latter blanket also produces 239po with a breeding
ratio of 0.47. The breeding ratio of plutonium can be increased (with
corresponding loss of tritium production) by lowering the Li to U ratio
from the optimum mix for maximum tritium production. The fissile blanket
also has significant neutron-energy multiplication (10 to 14 depending on
the Li to U ratio); however it has the disadvantage of producing
radioactive waste. This disadvantage may be outweighed by their ability to
lower pellet-gain requirements by a factor of ten.

We have also completed calculations to determine blanket size. Without a
reflector, thicknesses of 0.8 to 1.0 m are required. We also calculated
power distribution (with and without reflectors) and time-dependent 239Pu
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buildup. The latter effect enhances tritium breeding and energy
production. Calculations show that addition of zirconium structure and
cladding (required for fissionable multipliers) reduces net tritium
production by 7Z.

III. THERMAL ANALYSIS

Blankets with fission multipliers generate 200 MeV of thermal energy per
neutron captured in the multiplier. This energy is useful for generating
electrical energy to run the laser; however, it must be considered in
blanket design. With 238JJ a s multiplying (and breeding) material in the
blanket, the fission-generated power is sufficient to cause breakage of the
multiplier elements by thermal stress. However, when the multiplying
material is powdered and contained in capsules, blankets with useful
capsule diameters (~1 cm) and cavity diameter (3 m) can be designed to
accommodate the heat flow without melting the multiplier material. Cyclic
effects will be small at 10-Hz pellet frequency.2 We have analyzed
multiplier capsules with powdered 238u Or 238uc in zirconium, which
contains both the multiplier material and radioactive fission gasses that
will be produced.

IV. FLUID FLOW

We have calculated fluid flow rates required to remove 1000 to 2000 MW of
thermal power from a blanket with a fission multiplier. This power can be
transported from the blanket to a heat exchanger with flow velocities of 1
m/s in the blanket and 40 m/s in 0.5 m diameter feed pipes. For this
configuration the temperature differences between the inlet and outlet
pipes can be less than 100 C.

V. CONCLUSIONS

Elementary calculations have shown that ICF pellets may be an economical
source of neutrons for generating tritium and special nuclear materials
from abundant materials such as deuterium, lithium, depleted uranium, or
thorium. Pellet-gain requirements for this application are within the
range of values believed to be attainable by simple volume ignition.
Driver-energy requirements, at useful repetition rates, are within
projected technology. In our studies of blankets for ICF breeders,
neutronics calculations have indicated that breeding ratios required for
economical production are attainable. Calculations of fission-multiplier
capsule performance have defined constraints on capsule design. Fluid flow
calculations show no problems in obtaining a useful high-performance
blanket designs. Future work in blanket design can use much of the
knowledge available from fission-reactor research.

REFERENCES

1. I. 0. Bohachevsky, L. A. Booth, and T. G. Frank, "Utility of a Low
Gain ICF Facility," invited paper, Am. Nucl. Soc. 1982 Winter
meeting, Washington, DC, November 14-19, 1982 (Los Alamos National
Laboratory, LA-UR-82-1969).

2. I. 0. Bohachevsky and R. N. Kostoff, Cyclic Temperature and Thermal
Stress Fluctuations in Fusion Reactors," Nuclear Technology/Fusion Ĵ I
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LOW ACTIVATION FUSION REACTOR DESIGN STUDIES*

G. R. Hopkins, E. X. Cheng, R. L. Creedon,
K. R. Schultz, P. Trester, and C. P. C. Wong

General Atomic Company
P.O. Box 81608, San Diego, California 92138

* de&ign study to investigate the implications of incorporating low-
activation materials In fusion power reactors has been done.* The STARFIRE
tokamak reactor design was used as a reference starting point. The conven-
tional iron and nickel based materials are replaced with materials less sub-
ject to activation by fusion neutrons. The tokamak components of limlter,
first wall, blanket, shield, and superconducting toroidal fiela magnets have
been included in the design studies.

A toroidal, belt-type pumped limiter was used for the low-activation design.
Aluminum alloy, reinforced with SiC fibers (NICALON)** was selected as the
material to provide a useful coolant outlet temperature. A schematic is
shown in Figure 1. The steady state heat flux peaks on the hemispherical
tip at 4 MW/m^ and decreases to 0.9 MW/rn̂  along the sides. The temperature
limit of the Al/SiC fiber composite is ~350°C and this provides a 250°C out-
let temperature with water coolant. The composite material thus allows rea-
sonably efficient power conversion, not possible with aluminum alloys alcne,
where outlet temperatures are limited to only 75°C.

The first wall and blanket design are shown in Figure 2. The first wall
tubes, blanket shell, and blanket coolant thimble tubes are all solid SiC.
This design features low tensile stress and few mechanical^constraints so
the high-temperature, high-neutron-fluence components ran accommodate small
volumetric changes and movement without high strains or stresses on the
ceramic parts. The first wall and thimble tubes are helium cooled and the
blanket shell radiation cooled. The module is a cube with approximately
0.5 m sides, and provides a tritium breeding ratio greater than one with
only Li£0 as the breeding material. The first wall SiC is specially con-
strained to operate with material temperatures between 750° to 1050°C in
high heat flux (0.85 MW/m^) regions to minimize radiation-induced stresses
caused by differential swelling across temperature gradients. NICALON/
aluminum composite materials would be used for structure in the plenum and
support region at the rear of the module.

Aluminum, SiC, carbon, magnesium and boron are all candidate low-activation
shielding materials, and while less efficient absorbers than tungsten and
iron, can be used in the outboard region where adequate space exists. The
inboard shield region utilizes 0.3 m of higher activation tungsten. Per-
sonnel access to this region is, however, achieved by removing tungsten to
shielded containers during reactor shutdown periods. The nuclear design and
shielding details are given in a companion paper at this conference.2

*Work supported by the U.S. Department of Energy, Office of Fusion Energy,
under Contract Number DE-AT03-76ET-51011.

**A product of Nippon Carbon Company, Tokyo, Japan.
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The least restricted personnel access is gained by employing low activation
superconducting toroidal field coil magnets. The Nb3Sn and NbTi supercon-
ducting materials have no low-activation substitutes but comprise only 5% of
the magnet material and their activation is not troublesome. High-purity
aluminum provides an excellent replacement for the usual copper stabilizer
and aluminum alloy can be used for structural support in the inner 20 cm
region. The outer structure of stainless steel is not highly activated in
the low neutron fluxes there. A helium vessel of high strength fiber rein-
forced epoxy provides low-activation construction. These provide a minimum-
thickness low-activation toroidal field coil and are described in a
companion paper at this conference. 3

A low-activation fusion reactor conceptual design has been studied where all
the components within the toroidal field coils are constructed of low acti-
vation materials. All components meet the requirements of the STARFIRE
design. The low-activation design provides reduced safety restrictions and
much reduced long term waste disposal requirements. Direct contact person-
nel access to all regions except the inner plasma chamber is available fol-
lowing about two weeks after shutdown. The ultimate potential of fusion as
an extremely safe, environmenally benign power source is achieved through
the low-activation design concept.

REFERENCES

1. Hopkins, G. R., et al., "Low-Activation Materials Design Study, Annual
Report," GA-A16426, October 1981 and GA-A16874, September 1982.

2. Cheng, E. T., and G. R. Hopkins, "A Minimum Thickness Low Activation
Toroidal Field Coil Concept for Fusion Reactors," Fifth Topical Meeting
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LIFETIME ANALYSIS OF FUSION REACTOR COMPONENTS

Richard F. Mattas
Argonne National Laboratory

9700 South Cass Avenue
Argonne, IL 60439

A one dimensional computer code has been developed to examine the lifetime of
first wall and impurity control components. The code incorporates the
operating and design parameters, the material characteristics, and the
appropriate failure criteria for the individual components. The major
emphasis of the modelling effort has been to calculate the temperature-stress-
strain-radiation effects history of a component so that the synergystic
effects between sputtering erosion, swelling, creep, fatigue, and crack growth
can be examined. The general forms of the properLy equations are the same for
all materials in order to provide the greatest flexibility for materials
selection in the code. The individual coefficients within the equations are
different for each material. The code is capable of determining the behavior
of a plate, composed of either a single or dual material structure, that is
either totally constrained or constrained from bending but not from expansion.

A flow diagram for the code is shown in Figure 1. The code first calculates
the temperature, stress, and strain distribution through a plate based upon
the selected operating and design parameters. Property changes are then
determined for a specific time increment, and the effects of those changes on
the initial distributions are evaluated. This process is repeated until
failure occurs or the designed lifetime is reached.

The code has been utilized to study the behavior of the first wall for
FED/INTOR and DEMO operating conditions. The first wall designs and
conditions are substantially different from one another, as shown in Table
1. The major differences are in the coolant temperature, wall thickness, use
of beryllium, and number of operating cycles. The peak, wall operating
temperature in FED/INTOR is only 225°C, and the peak operating temperature in
DEMO is 360°C. The thinner wall and the use of beryllium in DEMO results in
reduced stresses in the first wall structure. The low stresses and reduced
number of cycles mean that fatigue is not considered to be a major concern in
DEMO. On the other hand, the FED/INTOR design is very close to the allowable
fatigue limits such that increases in either the thickness, heat flux, or
number of cycles cannot be tolerated. Radiation creep is expected to cause
stress relaxation during operation. The thermal stresses are predicted to
relax out of the FED/INTOR first wall in - 1.6 y, and they are predicted to
relax out of the DEMO first wall in ~ 0.7 y. During stress relaxation,
stresses of equal magnitude to the thermal stresses but opposite in sign occur
dur.'pg the reactor dwell periods. In both cases, radiation swelling is
prea^cted to be insignificant (.02% in FED/INTOR vs. 0.27% in DEMO). This is
due to the fact that both designs operate at temperatures which are well below
the swelling peak fo.r 20% cold worked, Type 316 stainless steel. The porosity
in the 70% theoretical density beryllium is assumed to accommodate the helium
generated during irradiation so that the predicted swelling in beryllium is
zero. The uniform elongation of the stainless steel is predicted to drop
below 1% after - 10 y and ~ 4 y of operation for FED/INTOR and DEMO,
respectively. The major conclusions of this particular study are that
radiation swelling should not be a concern for near term devices, that fatigue
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and crack growth is the primary concern for a high cycle device such as
FED/INTOR, that loss of ductility could be a concern towards the end of life
for both devices, and that the DEMO first wall appears to have a large
operating safety margin in terms of permissible heat loads and operating
cycles.

Table 1.
Design and Operating Conditions for FED/INTOR and DEMO First Walls

Parameter FED/INTOR DEMO

Material

Thickness

Coolant Temperature

Surface Heat Flux

Neutron Wall Load

Availability

Lifetime Goal

Lifetime Cycles

Lifetime Fluence

20% CW Type 316 SS

12 mm

90°C

.11 MW/m2

1.3 MW/m2

50%

10 y

7 x 105

52 dpa

BE (70% TD) on
20% CW Type 316 SS

2 mm (Be)
4 mm (SS)

280cC

0.25 MW/m2

2.1 MW/m2

50%

10 y

250

84 dpa

Fig. 1. Flow diagram for lifetime code.
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COMPACT FUSION REACTORS41

Robert A. Krakowski, Los Alamos National Laboratory, Los Alamos, New
Mexico, 87545
Randy L. Hagenson, Technology International, Inc., Ames, Iowa 50010

The development and utlimate commercialization of magnetic fusion energy is
being pursued in the U. S. through two mainline concepts, the tokamak and
the tandem mirror, with a number of promising but less developed approaches
being pursued as alternative fusion concepts (AFCs). The engineering
development needs for t\xa tokamak have been quantified by detailed
conceptual design studies of first-generation engineering devices,1

demonstration pilot plants,2 and commercial power reactors.3 Similar
studies of the tandem mirror reactor4, as well as studies of nearer-term
engineering devices5, have been reported. Complementing these studies are
reactor designs for a range of AFCs, which along with the tokamaks and
tandem mirrors have been subject to recent reviews.6'7 Although based on
considerably different confinement physics and geometry, the reactor
embodiments of both the mainline and alternative fusion concepts share a
commonality of largeness in size, low system power density, large super-
conducting magnets, and a dominance of the fusion power core (FPC, i.e.,
first-wall, blanket, shield, and coils) and related Reactor Plant Equipment
(RPE) systems in the plant direct cost. These "conventional" fusion
systems nevertheless project competitive energy costs because of optimistic
assumptions related to the unit costs, construction time,
interest/escalation/inflation rates, and plant availability used to
estimate the cost of electricity. Past experience with projecting costs of
other energy systems has shown overestimates by as much as a factor of 2.5
are not uncommon.8 Concern over the dominance in mass and cost of the FPC
for many of these conventional fusion approaches has led recently to
serious consideration of higher-power-density "compact" options for both
the mainline and alternative fusion concepts, in order to reduce mass and
cost of the FPC, in which is embodied a majority of the physics,
technological, and costing uncertainty associated with fusion power.

Generally, the compact option is defined by a reactor embodiment that, on
the basis of extended rather than new technologies, project competitive
COEs using realistic if not pessimistic costing procedures by demanding
higher FPC performance while maintaining high plant factors and low
recirculating power. Table I summarizes and compares characteristics being
sought for the compact reactor option. Generally, the compact option will
require the extension of existing technologies to accommodate the higher
heat fluxes, power densities, and in some instances higher magnetic field1

needed to operate the FPC with enhanced system power densities and mass
utilizations. The major technological challenge, therefore, rests with
achieving reliable operation of a high-availability FPC that is more
severely "stressed" relative to conventional fusion approaches. In return,
a power system emerges in which the basic physics and technology unknowns
associated with the FPC exerts a considerably reduced economic leverage on
the total plant and energy costs. Other equally if not more importer
benefits accrued through the compact option are related to the. development,
installation, operation, and maintenance of FPCs that are at least an order
of magnitude less massive than those presently being pursued by the
conventional MFE approaches.

*Work performed under the auspices of the USDOE.

489



After presenting the economic and development rationale for the compact
reactor option, existing fusion reactor designs of both mainline and
alternative concepts that adopt the compact, high-power-density option are
reviewed. The unique technology needs for these compact reactors are
summarized and related to performance levels presently being achieved in
other high-power-density energy systems. Both concept-specific and generic
technology issues/problems are discussed within the categories of plasma
engineering, first-wall systems, blanket and shield, magnets, and remote
maintenance, as related to the compact reactor option.
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TABLE I
CHARACTERISTICS SOUGHT FOR COMPACT REACTOR OPTION

High system power density (MWt/m3)
Acceptable total power (MWt)
Low FPC<a) aass utilization (tonne/MWt)
High neutron first-wall loading (MW/m2)
High blanket power density (MW/m3)
Low FPC cost sensitivity RPE/TDC<b)
Little or no passive magnet shield
Acceptable recirculating power fraction

CONVENTIONAL
0.3-0.5
> 4000
4"-10
1-5
1-5
0.50-0.75
SC
0.15

COMPACT
5-15
< 4000
0.3-1.0
10-20
> 30
< 0.3
N
0.15

ppC fusion power core, includes first-wall/blanket/shield systems.
'"'Ratio of Reactor Plant Equipment (RPE) costs to Total Direct Costs

(TDC).
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RECENT DEVELOPMENTS IN STELLARATOR PHYSICS*

John L. Johnson*, Plasma Physics Laboratory, Princeton University,
Princeton, New Jersey 08544

The stellarator concept is one of the oldest and best understood schemes
for thermonuclear confinement. It was deemphasized in the late 1960's
in favor of the tokamak approach because of experimental observation of
poor energy confinement time, theoretical predictions of enhanced
transport in the reactor regime, and pessimistic conclusions from
reactor studies due to the necessarily complicated interconnected
coils. Recent developments have provided improvement in all three of
these areas and have led to a revived interest in stellarator research .*

The availability of high-power auxiliary heating has made current-free
operation with reasonable plasma parameters possible. Devices have
operated with 10 cm density, 1 keV temperature, and nx values of
3 x 10 cm' sec . Both ion and electron thermal conductivities are
consistent with neoclassical predictions . Confinement is comparable
with, or better than, that observed In tokamaks of the same size and the
losses are smaller than in discharges with Ghmic heating current .

The theoretical understanding of stellarators which is obtained with MHD
theory has also improved . This work has clarified the equilibrium and
stability limitations of stellarators. Both analytic and computational
techniques have been refined . The results lead to a desire for systems
with a large number of magnetic field periods', either a large shear to
localize magnetic islands or a flat irrational rotational transform to
avoid theni, and shaped magnetic surfaces to reduce the Pfirsch-Schluter
current and to provide an average magnetic well. Design of
configurations which satisfy these needs and have reasonable equilibrium
and stability beta limits is possible .

The ability to work in magnetic field coordinates and the introduction
of Monte Carlo techniques has provided a new understanding of particle
confinement and transport . Transport behavior is found to be strongly
model dependent . Kith reasonable care', systems with adequate transport
properties can be obtained . Ai encouraging result is that magnetic
configurations designed to obtain high equilibrium beta limits have
optimized transport properties .

Reactor studies have also progressed . Work on Heliotron H at Kyoto has
incorporated sufficient mechanical design to demonstrate the viability
of continuous-coil torsatron configurations . A Wisconsin study,
UWTOR-M, has emphasized engineering aspects and has shown that a
credible modular-coil design and overall systems integration can be
established. The studies of modular stellarators at Los Alamos, MSR,
have been based on a parametric approach in order to understand the
influence of the key physics parameters and assumptions on reactor size,
performance, and cost . Potentially attractive design points are being
subjected to more detailed analysis . These generally conservative
studies, taken collectively, demonstrate credible, competitive solutions
to the problems that contributed to the earlier deemphasis of
stellarator reactor work .
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This improved stellarator outlook has led to preliminary study and
proposal aimed at building three new experimental devices . Wendelstein
VII-AS, at Garching, is a modular-coil system designed to optimize the
equilibrium beta limit by reducing the Pfirsch-Schluter current. Its
critical beta is expected to be five to ten per cent. ATF, at Oak
Ridge, is an A • 2, continuous-coil torsatron which should support a
beta of four per cent and be capable of confining high-temperature
plasma with nearly reactor properties. Heliac, at Princeton, could
investigate the properties of a high-beta configuration with a highly
nonplanar magnetic axis and shaped magnetic surfaces. These devices,
together with Heliotron E, the torsatron Uragan III which is now
commencing operation in Kharkov, and several smaller systems, should
provide an understanding of the improved confinement properties that can
be obtained by eliminating Ohmic heating current and of the limitations
that are imposed by the concomitant loss of symmetry .

This improved understanding of the engineering options available for
constructing three-dimensional systems and of the nature of plasma
confinement in them, together with the results obtained from the next
generation of large tokamaks, should provide a solid foundation for the
design of an optimized toroidal device .

Supported by the U.S. Department of Energy under Cbntract No. DE-AC02-
76-CHO3O73 .
"•"On loan from ffestinghouse Research and Development Center .

1J. L. Johnson, Nuclear Technology/Rision 2, 340 (1982).

492



ENGINEERING DESIGN OF A COMPACT RFP REACTOR (CRFPR)*

R. L. Hagenson, Technology International Inc., Ames, Iowa, 50010
R. A. Krakowski, Los Alamos National Laboratory, LOB Alamos, New Mexico,
87545

Potential Reversed-Field Pinch Reactor (RFPR) design points were recently
surveyed1 using a parametric systems model that couples magnetics, plasma
engineerings and costing models. Key tradeoffs were examined and final
system designs were chosen having the lowest predicted.cost of electricity
(COE). This cost-optimized Compact Reversed-Field Pinch Reactor (CRFPR)
would operate with fusion power cores (FPCs, i.e., first-wall/
blanket/shield coils) that are at least a factor of 10 smaller than
conventional (superconducting) fusion systems generating the same net
electric power; system power densities are nearly equivalent to fission
reactors. The CRFPR approach to "compact" fusion reactors2 is particularly
attractive, requiring low-field efficient resistive coils. Remarkably,
this system may operate on catalyzed-DD fuel using resistive coils at DT-
like power densities if poloidal betas do not fall far below 0.2. Beta
values of 0.1-0.2 have already been achieved experimentally, with
economically attractive DT reactors operating with betas of 0.04.
Transport scalings from existing and planned experiments of at least T E •
I.r 2, or in magnitude equal to 10-20X of Alcator, are needed for the
reactor. The most promising result from these studies is the resiliency of
the RFP approach in maintaining attractive designs within realistic physics
and technology constraints for widely diverse reactor systems using DT or
DD fuel having net electric powers of 250-1250 MWe. An engineering design
of a 1000-MWe(net), DT-fueled CRFPR is described.

The DT-fueled CRFPR design concentrates on key engineering issues related
to high-power-density, high-availability plant operation. Ease of
maintenance is a primary design goal, which is realized in a compact system
by "block" removal of major FPC system components. The entire FPC would be
removed as a single unit and replaced by a complete, pretested FPC. The
realization of high-power-density fusion systems involves high-heat-flux
first walls (4-5 MWt/m2), the control of plasma/wall interactions, a high-
power-density breeding blanket (~ 200 MWt/m3, peak), and design for
radiation effects in room-temperature exo-blanket coils and associated
electrical insulation located outside the breeding blanket.

Design options for the first wall include water-cooled copper alloy
operating at ~ 500-600 K or a liquid-metal-cooled refractory metal (e.g.,
TZM or Nb) operating near the liquid-metal blanket temperature of
700-840 K. The simplicity of the liquid-metal-cooled first wall is
attractive, although uncertainties of material compatibility in the
vacinity of rapidly flowing (5-10 m/s) liquid metals at these blanket
temperatures has led to the water-cooled copper first wall as a first
design choice. As a minimum design constraint the water-cooled first wall
would be doubly contained from the liquid-metal-cooled breeding blanket.
No serious thermomechanical problems are encountered for surface heat
fluxes of 4-5 MWt/m2 when using high-strength water-cooled copper alloys;
relatively poorly resolved radiation effects, however, remain to be fully
incorporated into the design. Heat flux per se is not the problem, whereas
plasma/wall interaction is the key issue presently under study. A dense

Work performed under the auspices of the USDOE.
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gas blanket or possibly (but less desirably) a magnetic divertor for first-
wall protection and refueling may be required.

The applicability of solid tritium breeders operating at power densities
comparable to an LWR fission core is questionable, depending primarily on
poorly resolved theraophysical properties of these ceramics. For this
reason, the lithium-lead [Pbg^Lijy^OZ 6Li)J blanket appears particularly
attractive. The inherently low magnet fields in the RFP result in MHD
pumping losses of only 1-3Z of the gross electric, using uninsulated
stainless-steel coolant ducts. Tritium breeding ratios in excess of 1.13
are achieved with a 0.5-m-thlck blanket backed by a 0.1-n-thick
tungsten/B*C shield. Blanket energy multiplication of 1.3 is achieved with
less than 2Z of the energy leaking into the magnet coils. Operating the
blanket at 700 K, an overall cycle efficiencies in the range 32-37% can be
achieved for first-wall coolant exit temperatures of 453 and 573 K,
respectively. Increasing the blanket temperatures to 840 K gives overall
cycle efficiencies in the range of 36-422 for the same first-wall coolant
temperatures.

Neutron leakage into the room-temperature exo-blanket toroidal-field coils
generates 12.3 dpa/yr and 0.03Z/yr impurity (Ni and Zn) for a first-wall
neutron current of 19.5 MW/m2. The corresponding Cu resistivity increase
is < lZ/yr, while the expected volumetric swelling of the electrical
insulator (MgA^O^) is only O.lOZ/yr. Even though the toroidal field coils
(159 tonne, total) are removed on a yearly basis along with the first wall
and blanket (277 tonne, total), they could be reused and have a lifetime
greater than 10 years. The poloidal field coils (729 tonne) are positioned
further from the FFC and are considered life-of-plant items.

The entire FPC is located within a common vacuum chamber. Maintenance
procedures require the breaking of a single vacuum seal and removing a
continuous steel plate which covers the FPC. Upon lifting the poloidal
coils (~ 200 tonne) immediately above the machine as a single unit, the FPC
(436 tonnes) can be removed as a single unit. Four inlet/outlet water and
liquid-metal connections and the toroidal-field coil electrical connections
must be made (16 connections total) to ready the new prechecked FPC unit
for operation.

Continuing work on the CRFPR includes study of thermomechanical designs,
magnetics, neutronics and neutron damage effects, reliability analysis, and
general plant maintenance procedures. Emphasis is placed on understanding
the extended technology and potentially added costs needed to assure high-
availability operation of a FPC that is more highly "stressed" than FPCs
projected for conventional fusion reactors. At this stage of the study,
the CRFPR appears very promising, requiring relatively conventional
technology in a small machine that is expected to require a COE that is
appreciably below the predictions being made for convention fusion
approaches.

REFERENCES
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EXPERIENCE WITH THE MODULAR DESIGN CONCEPT OF THE OHTE
EXPERIMENTAL DEVICE DURING INITIAL ASSEMBLY,
OPERATIONS, AND THE MID-EXPERIMENT UPGRADE

D. W. Graamann
General Atomic Company, San Diego, CA 92138

The modular design concept of the OHTE confinement experimental device has
proven valuable in allowing flexibility during initial construction, in
minimizing downtime during maintenance operations, and in providing opportu-
nities for paralleling machine modifications during the mid-experiment
upgrade.

The 1.24 m major radius OHTE experimental device was constructed in 1980 and
has operated since early 1981, exploring the operating parameters of OHTE
and RFP plasma configurations. The modular design as originally constructed
is shown in Fig. 1 and consists of a pedestal assembly, lower and upper
cartwheel and poloidal coil assemblies, the E-coil solenoid and the torus
assembly which includes the plasma chamber, conducting shell and helical
coils. During construction, the different assemblies were fabricated and
assembled individually away from the machine (except for the pedestal assem-
bly). This paralleling of assembly operations yielded a significantly
shorter construction time. Final machine assembly consisted of locating and
interfacing the individual modules
to the mating subassenbly with the
crane, match-drilling bolt holes,
and bolting the modules together.

5 ) E COIl
SOLENOID

During the first year of experi-
ments, two machine maintenance/
modification operations provided
opportunities to demonstrate the
versatility of the modular approach.
In June 1981, an arc occurred across
the shell insulating break, and
damaged it. The machine was dis-
assembled in two days; the torus
assembly, upper cartwheel, and sole-
noid placed at different locations
in the machine room; and a number of
parallel maintenance operations were
performed. On the torus assembly, a
small leak in the plasma chamber was
repaired, a new insulated break was
designed, fabricated and installed,
and magnetic diagnostics on the
shell were replaced. The poloidal
coil insulation was upgraded on both
cartwheels, and the solenoid was
modified for higher voltage opera-
tion. Total downtime was five weeks

) UPPER
CARTWHEEL
AND COIL
ASSEMBLY

\t)t\"QESTAL
ASSEMBLY

Fig. 1. OHTE Modular Design Concept
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and was paced not by disassembly/ assembly operations but by design and
fabrication time for the new insulated break.

In January 1932, an air leak developed in the plasma chamber due to
plasma-wall interaction. The machine was disassembled, the torus assembly
dismantled down to the chamber, and the damaged bellows section was cut out
and replaced with a welded-in pipe section. The disassembly-repair-
assembly work was completed and plasma operations were resumed within two
weeks. The modular design minimized downtime by allowing rapid disassembly
of large modules in both cases, and by permitting maintenance operations to
proceed in parallel on four subassemblies in the first incident.

During the summer of 1982, a major planned upgrade was performed on the
OHTE device. During this 2-'/2 month shutdown of experimental operations
all of the five major subassemblies were modified and a sixth, an iron
core, was added. Again disassembly was rapid; the device was literally
dismantled to the bare floor in three days. Modifications to the torus and
pedestal assemblies were performed in the OHTE experimental building, while
the remaining subassemblies were moved to other locations on site for up-
grading to provide more working space, to utilize special facilities
(cranes and machine tools), and to utilize support personnel from other in-
house organizations. The modifications were major, A portion of the plas-
ma chamber was removed and replaced by one incorporating graphite tiles for
wall protection. Six diagnostic ports were modified or added to the cham-
ber. Eight gas feed lines were symmetrically installed about the chamber
for fast gas puffing and radiation cooling experiments. Thirty-two trim
coils and 64 helical coil support blocks were installed. Four poloidal
coils were removed, two were relocated, and six new ones were added. All
remaining poloidal coils were reinsulated. Three quarters of the pedestal
assembly was removed and replaced with a new system. And, finally, a 100-
ton modular iron core was incorporated. These modified subassemblies were
then reassembled into the experimental device in a manner similar to ini-
tial construction.

In summary, the modular construction of the OHTE experimental device has
proven to be an important factor in maximizing experimental time. In both
major upgrade and minor maintenance activities, disassembly and reassembly
operations have been accomplished in a matter of days. When modifications
on several parts of the machine were required, these activities were accom-
plished in parallel, with subassemblies moved to locations where additional
facilities, work space and personnel were available. It is anticipated
that this design approach can and will be utilized in next-generation
experimental devices.

This work was supported by Phillips Petroleum Company and General Atomic
Company under Joint Research and Development Agreement (GA Reference No.
01341).
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ORTE REACTOR EMBODIMENTS BASED ON
PRELIMINARY RFP EXPERIMENTAL RESULTS

Robert F. Bourque

General Atomic Company
San Diego, California 92138

OHTE is a type of reversed field pinch which employs helical coils around
the plasma to create additional pitch reversal for plasma stability. A
small confinement test experiment has been underway at General Atomic for
about two years. Recent results from this and other RFP's throughout the
world indicate that plasma resistance goes like I~3/2, where I is the plasma
current. From this one may deduce the following scaling law for electron
energy confinement time in ohmically-heated plasmas:

Ee

where n and T are the central electron density (ra~3) and temperature
(eV) , a is the cean plasma radius (ra), and I is the plasma current (amps).
In addition, volume-averaged poloidal beta values of up to 40 percent have
been observed.

These results, along with the assumption of neoclassical ion confinement,
have been incorporated into the OHTE reactor systems code in order to assess
reactor viability under the assumption of extrapolation to reactor regimes.
The code uses zero-D time-dependent plasma power balance with correction for
profile effects. Also included are engineering of the coils, blanket and
first wall, reactor auxiliaries, and balance of plant. Costs are estimated
in order to weigh the relative importance of reactor subsystems.

Four configurations have been examined: (1) ignition test reactor (ITR), (2)
electricity producer, (3) process heat plant, and (4) fissile fuel plus
electricity producer. The reactors have aluminum poloidal coils and copper
helical coils, all at room temperature. All but the ITR have 0.6 m thick
neutron absorbing blankets of which about 0.1 m is between the helical coil
and the first wall. The blankets use flowing liquid Pbg^Li^y in insulated
channels for both tritium breeder and coolant.

Ohmic heating to ignition is possible in all cases provided anomalous
resistivity is at least 2-3 times classical. The most critical case is the
small ignition test reactor. It requires about 10 MA plasma current for
ohmic heating to ignition, which is a 40 percent overshoot. Once ignited,
current is trimmed back while a thermal excursion occurs until a beta limit
of 0.4 is reached. This is maintained by varying fueling rates so as to
provide the reduction in confinement required for steady operation. In the
ITR, this reduction is under a factor of two, which indicates the small
confinement margin available. It is estimated that this ITR could be built
for around $60 million for the reactor itself and $300 million for the
entire facilitv.

497



The three larger plants have greater ignition and burn tnargin but still
require a substantial plasma current excursion for ohmic heating to
ignition* The power consumption by the poloidal circuit therefore dominates
the recirculating power. Also, the cost of the poloidal coils and their
power supplies and energy storage is typically half to two-thirds the total
reactor plant equipment cost. Fortunately, these items are existing
technology and so can be accurately costed.

High power densities and neutron wall loadings are possible with the primary
limitation being the heat flux that the first wall can absorb. With a cold
water-cooled aluminum alloy first wall of about 1 cm thickness, thermal
stress limits this to 3-4 MW/m2 average, which allows about a factor of two
for hot spots. The corresponding neutron wall loading is around 14 MW/m2.
Even with the high neutron flux, replacement of the first wall, helical
coils, and empty blanket canister (the liquid metal is drained and reused)
need be no more than annually.

Despite high recirculating power fractions, the economics appear favorable
for the electricity producer, tolerable for the process heat plant, and very
attractive for the fuel factory. Typically, an 800-900 MW(e) net electri-
city producer would have 45 percent recirculating power and cost out at
around $2300/kW(e). Electricity costs, including operation and maintenance,
would be around 45 mills/kWh using a public-utility-based capital recovery
factor of 10 percent. The process heat plant should be able to produce
around 1500 MW(th) of process heat at $13-14 per million BTU using a
privately-funded capital recovery factor of 20 percent. This plant would
also produce enough electricity to satisfy its internal needs.

The fuel factory is the most exciting option because it combines the best of
both worlds: a compact fusion device with a deeply subcritical fissile
blanket in which fertile fuel particles are suspended in the flowing liquid
metal. It can supply fuel for over 20 equivalent-power HTGR burners. When
its net electricity is sold at nominal rates, the fuel can almost be given
away, even with the 20 percent capital recovery factor, and fertile fuel
residence time in the reactor is much less than in an LMFBR.

These results are very sensitive to details such as plasma confinement,
maximum beta, density and temperature profiles, and plasma resistivity. The
extrapolation from the existing plasma parameters is substantial, and more
data over a much wider range is required before judgement can be passed on
the viability of OHTE as a reactor embodiment. However, this preliminary
evaluation does indicate potential attractiveness for a variety of fusion
applications.

Work supported by Phillips Petroleum Company and General Atomic Company
under Joint Research and Development Agreement (GA Reference No. 01341).
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DESIGN OF THE ATF-1 R. L. Johnson, 0. B. Adams, T. C. Jernigan, J. F. Lyon,
B. E. Nelson and P. B. Thompson; Oak Ridge National Laboratory. The
Advanced Toroidal Facility-1 (ATF-1) is a large torsatron being proposed by
ORNL to replace the ISX-B tokamak. Proposed parameters are R = 2.1 m,

a = 0.48 m, B = 2T, I = 2, m = 12. Design choices for the coil configu-
rations, support structure, and vacuum vessel will be discussed. The
helical field coils are to be built in segments and assembled into continu-
ous coils by means of demountable joints. This is done to allow parallel
construction on all systems and minimize the overall schedule. The antici-
pated operational date is 1986 with a construction cost goal for the device
itself of =$18M» The present ISX-B facility including auxiliary heating,
diagnostics, and power supplies would be used.

*0perated by Union Carbide Corporation under contract W-7A05-eng-26 with
the U.S. Department of Energy, OFE.
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A DESIGN STUDY OF A HELIOTRON POWER REACTOR

I. Yanagisawa*, N. Ueda*, M. Yamada*
R. Saito**, T. Yamada**, M. Tomita***

Mitsubishi Group

H. Nakashima
Department of Nuclear Engineering, Kyushu University

0. Motojima, K. Nakasuga, A. Iiyoshi, K. Uo
Plasma Physics Laboratory, Kyoto University

A conceptual design study of a heliotron power reactor has been developed.
The key technical objective of this study is to present a viable design of
the heliotron power reactor consistent with credible engineering solutions
of design problems. Particular attention has been given to developing de-
sign concepts which are consistent with assembly and maintenance consider-
ations.

The major parameters are listed in Table 1. The reactor has a 21 m major
radius and produces 1200MW of electric power. A current-less steady-
state operation is the basic concept of the heliotron reactor. Major
characteristics are as follows.

The coil system is composed of a continuous helical coil and vertical
field coils. The vertical field coils are required to compensate verti-
cal field in the plasma region generated by the toroidal turns of the hel-
ical coil current. In this design study a modified continuous helical
coil is considered.
The winding law is 0= -r "4)+ asin(-r*4>) , where 0 and <f> are the polidal and

toroidal angle, respectively, a is a parameter which represents the de-
gree of the modification from the conventional winding law. We take a =
0.15. With this value, we can reduce the magnetic forces to a suitable
level adjusting the coil currents. Then the helical coil can be support-
ed only by the coil can. The physical design bases are conserved through
this minor modification.

The weight of the coil is supported by hydraulic cylinders on rigid sup-
port rings installed every quarter pitch length of the coil and thus the
thermal deformation of the helical coil is accommodated free.
Since Bmax on the helical coil reaches 9.0 Tesla, NbTi with subcooled He
(1.8 K) cooling is used because of its good fabricability.

* Mitsubishi Atomic Power Industries, Inc.
** Mitsubishi Electric Corporation

*** Mitsubishi Heavy Industries, Ltd.
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The blanket utilizes Li«O as breeding material and pressurized water as
the coolant with inlet and outlet temperatures of 280°C and 320°C, re-
spectively. Continuous helical coil configurations require modular
blankets and divertors to be extracted from the inside of the vacuum
vessel without disturbing the superconducting coil. 2D neutronics cal-
culations show that the breeding ratio can be greater than unity with-
out multipliers. They show that the coil shield structure has suffi-
cient shielding ability to satisfy the design criteria for SCM.

Ash particle exhaust is based on the built-in divertor concept.
Considering short lifetime of the divertor plate compared with that of
blanket, divertor plate should be replaced independently from the blan-
ket. Therefore, we use a local divertor concept which consists of
neutralizer plates and exhaust duct. The local divertor is installed
every one-eighth pitch length of the coil. This concept makes use of
the favorable characteristics of the magnetic lines of force in the hel-
iotron divertor region, so that the heat flux to the local divertor is
sufficiently dispersed. The local divertors can prevent other reactor
components from charged particle bombardment.

In this design study we indicate new and important directions for the de-
velopment of the heliotron reactor in particular to enhance the potential
as a power reactor.

Table 1. Major Design Parameters of Heliotron Power Reactor

Thermal power, Mw
Net electric power, Mw
Major plasma radius, m «
Average plasma density,/m
Average plasma temperature, KeV
Average Beta, %
Magnetic field on axis, Tesla
Helical coil major radius, m

minor radius, m
current, MAT

winding law

Z number
m number
a value

Vertical field coil radius, m
current, MAT

Tritium breeding material

Blanket coolant

3400
1200
21

1.2 x 10 2 0

10.3
6.0
4
21
3.2
28

e=|-<j>+asin(™.<{>)

2
15
0.15
34

12.5 x 2
Li2O

pressurized water
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MODULAR STELLARATOR REACTOR CONCEPTUAL DESIGN STUDY*

R. L. Miller, C. G. Bathke, R. A. Krakowski, Los Alamos National
Laboratory, Los Alamos, NM, 87545
F. M. Heck, L. A. Green, J. Karbowski, J. H. Murphy, R. B. Tupper,
Westinghouse Electric Corporation, Fittsburg, PA 15326
R. A. DeLuca, A. Moazed, R. A. Terry, Stone & Webster Engineering
Corporation, Boston, MA 02107

A conceptual reactor design study of the Modular Stellarator Reactor (MSR),
using modified Rehker-Wobig laterally-distorted coils, has been performed
in order to assess the physics, technology, and economics of this
potentially attractive approach to commercial electric power production.
Generically, the stellarator promises ignitied (i.e., low recirculating
power), steady-state, disruption-free plasma operation. The MSR design
point is selected on the basis of extensive parametric and optimization
studies.1'2 The particular coil configuration adopted for the design
(Fig. 1) consists of N=36 identical modular coils with 1=2 poloidal field
periods with a stepwise poloidal coil rotation giving m=4 toroidal field
periods. A modest asymmetric out-of-plane coil distortion (d/r « 0.28)
provides high rotational transform (0.63 </t < 0.79) with modest postive
shear at the plasma edge (t* = 0.84 m " 1 ) ; features desired for high
equilibrium/stability beta limits. Access ports, located between the
modular coils above the midplane in this moderate aspect ratio device,
allow convenient routine removal/replacement of underlying first-
wall/blanket/shield modules without moving or disturbing the coil set so as
to expedite maintenance and. improve overall plant availability. The
required helical symmetry of the device is provided by stepwise poloidal
rotation of the adjacent modules by 20° per coil; no helical mechanical
components are required. Impurity control is provided by pumped limiters
although the configuration could take advantage of the natural magnetic
divertor topology of the stellarator.

The DT reactor is sized to produce a thermal power output, P ^ s 4000 MWt,
and a net power ouput, P£ = 1275 MWe; allowing for 8% of the gross electric
power output to be recirculated for auxiliary equipment. The major
toroidal radius is Rj =•= 23.0 m, the average plasma radius is r = 0.79 m.
The on-axis magnetic field strength is B = 6.5 I in this moderate aspect
ratio device if the peak field experienced at the radially graded
NboSn/NbTi superconductor is BQ^ = 11.9 T. The average plasma density and
temperature are, respectively, <n> * 3.4(10)20 m~* and <T> = 8 keV,
yielding an average plasma beta, <$> = 0.08, which is arguably the minimum
value required for truly competitive reactor performance.2

Unit direct costs (1980 US dollars) have been estimated to be 1331 $/kWe,
which after the usual indirect charges yields a unit total cost of 1637
$/kWe. The reactor plant equipment category represents 40% of the direct
cost and the dominant cost item (53%) within this category is the coil set
itself. Conservatively assumed 10-year construction time and 76% plant
availability leads to an estimated 81 mills/kWeh cost of electricity (then-
current 1990 US dollars).

Work performed under the auspices of the USDOE.
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Fig. 1. Plan view of Modular Stellarator Reactor (MSR) coil configuration
with major radius R™ « 23 m and typical removable first
wall/blanket/shield module.

The following conclusions have emerged from the MSR study:

• Overall reactor performance is critically coupled through beta to the
magnetics performance of the modular-coil-set. The available
(limited) physics data base (e.g., Ref. 3) supports the design choices
made for the MSR, which are generally conservative and subject to
improvement.

• Engineering choices/options implemented for the conceptual design
provide a credible, maintainable design.

• The MSR is economically competitive with other mainline fusion
approaches (e.g., tokamak and tandem mirror) if <f$> = 0.08.

REFERENCES

1. R. L. Miller and R. A. Krakowski, "The Modular Stellarator Fusion
Reactor Concept," Los Alamos National Laboratory report LA-8978-MS
(August 1981).

2. R. L. Miller, R. A. Krakowski, and C. G. Bathke, "Parametric
Systems Analysis of the Modular Stellarator Reactor (MSR)," Los Alamos
National Laboratory report LA-9344-MS (May 1982).

3. J. F. Lyon, et.al.., "Stellarator Physics Evaluation Studies," 9th
IAEA Inter. Conf. on Plasma Phys. and Controlled Nucl. Fus.
Research, Baltimore, USA, IAEA-CN/41-Q3 (September 1-8, 1982).
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PHYSICAL AND ENGINEERING CONSTRAINTS
FOR

TOKAMAK REACTORS WITH HELICAL COILS

R.E. Potok, D.R. Cohn, H. Becker, L. Bromberg
N. Diatchcnko, D.B. Roemcr and J.E.C. Williams

Massachusetts Institute of Technology
Plasma Fusion Center

A analytical and numerical analysis of a tokamak reactor with a set of helical coils added in order
to eliminate plasma disruptions is presented. A number of design options for the helical coils arc
considered (resistive or superconducting coils, placement internal or external to the toroidal field
magnets, continuous or modular coils, and type of winding law). The optimum helical configuration is
found to be a sot of resistive, continuous, I -= 2 stcllarator coils which arc internal to the toroidal field
coils. A set of scaling laws is then developed for this optimal configuration, and a scries of parametric
scans arc done with varying assumptions for the force on the helical coils and the ratio of helical coil
I ransfurm to plasma transform (M').

The option space available for reactor designs involves large forces on die helical coils, low q plasma
operation, and moderately low M'. We compare data from experimental devices run in the tokamak-
slcllarator mode (J1PP-T-II and Pulsator) with field tracing data. There is good agreement between
the results of the experiments and the field line tracing. These results show that too low a value of M'
(3 to 5) will cause a destructive resonance interaction between the plasma and helical coil transforms.
M' must bo kept a modcnucly low levels (4 to (>), though, if the forces on the helical coils and their
power dissipation are to be acceptably small. There is thus only a narrow region in parameter space
where an attractive reactor design can be built, and this region only exists if the helical coils enable the
reactor to operate in a low q regime [qCd,,c — L5).

Under the above mentioned constraints, an illustrative tokamak-stcliarator reactor design is developed.
A moderately large major radius is required (/?„ = 14.31 m), since the external transform scales a s i ^ .
The large major radius allows for much higher ilux storage in the OH coils (for the same OH energy
storage) that is found in conventional tokaniaks, and burn times on the order of 12 hours appear
feasible.

The illustrative design is based upon a remote maintenance scheme in which removable, modular
units of the reactor consist of: two toroidal field coils, sectors of helical coils, and sectors of the
blanket/shield region and first wall. Figure 1 shows a side view of the illustrative design. The resistive
helical coils arc water cooled and arc clamped together at tlic module interfaces. The helical coils are
supported by a reinforcing structure external to the helical coils and internal to the toroidal field coils.
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EXPLORATORY STUDIES OF NEGATIVE TANDEM MIRROR REACTORS* F. Kantrowitz, E.
Zawaideh and R.W. Conn, Fusion Engineerinq and Physics Program, School of
Engineering and Applied Science, University of California at Los Angeles.
D. Dobrott, S. Tamor and D.C. Baxter, Science Applications, Inc., Oolla,
CA. The purpose of this study is to determine the feasibility of negative
tandem mirror reactors. Negative tandem mirrors*1' can be formed by
combining hot electron end ceils with a central cell at fusion conditions.
An equilibrium zero-dimensional power balance model has been developed to
estimate parameters for both d-t and d-d negative TMR's. Performance para-
meters for both positive and negative TMR's have been calculated. End cell
designs vary significantly from those appropriate to positive-barrier
systems. ECRH requirements due to synchrotron radiation are found from a
relativistic model which includes wall reflection. MHD flute stability is
calculated for the optimized parameters to determine anchor requirements.

Higher 0. values are found for a negative TMR with an optimized end cell as
compared to a positive machine when no high energy pump beam is required.
The reason is that the potential well from which trapped ions must be pump-
ed is deeper in the negative case, resulting in pump beams with a lower
ratio of charge exchange to ionization cross section. The deeper potential
well is needed to confine central cell electrons, as compared to the posi-
tive case where the potential isolates central cell electrons from plug
electrons.

Q vs. 0encj ceix
 f°r various values of the outer end cell magnetic field

Fig. 1. 0 vs. vwrtr i l cell beta
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peak is shown in Fig. 1. As P is increased from low values Q increases due
to the improved confinement of hot electrons. If the electrons become too
hot, however, synchrotron radiation losses dominate and the ECRH power re-
quired to maintain the hot electrons causes Q to decrease. An optimum
value is found for end cell beta values between 10 and 30 percent depend-
ing on the size of the outer end cell magnetic field peak. As this is in-
creased from its optimum value (see dashed line in Fig. 1) synchrotron los-
ses cause a slight decrease in Q. As it is decreased, loss of electron
confinement causes a decrease in Q.

A magnetic configuration based on the axicell concept has been designed
using the code EFFI. Magnet sizes are constrained by requirements for
shielding, support and superconductor current density. Central cell para-
llel currents have been minimized. The resulting configuration has been
checked for MHD flute stability. The required anchor beta has been calcu-
lated for a given central cell and end cell beta (Pp). The results are
shown in Fig. 2.

The primary advantage of negative TMR's over positive machines is that
sloshing ions are not needed to form the peak potential, although they
may be needed in an MHD anchor.

•Work supported by USOOE

1. P, Poulsen, et al., LLNL Report UCID-193^ (1982).

.6 l.C

Fig. 2. Central cell vs. end cell beta
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EBT REACTOR CHARACTERISTICS CONSISTENT WITH
STABILITY AND POWER BALANCE REQUIREMENTS

N. A. Uckan and R. T. Santoro
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Present EBT reactor studies differ from earlier ones primarily by
including theoretical stability criteria developed in the past several
years [particularly the Lee-Van Dam-Nelson criterion for core beta
(LVN) limit] and their coupling to the ring power requirements. The
principal result is that these criteria and other physics and
technology constraints permit a broad operating window for reactor
design optimization. Within this operating window, physics and
engineering systems analysis and coat sensitivity studies indicate that
reactors with <3Core

> ~ 6-10%, P ~ 1200-1700 HW(e), wall loading
~ 1.5-2.5 MW/m2, and recirculating power fraction (total including ring
sustaining power and all other reactor auxiliaries) ~ 10-15% are
possible and are competitive with other fusion reactors (e.g.,
tokamaks). While these results are obtained in a straightforward
extrapolation of the basic principles of the EBT concept from the
existing theoretical/experimental physics base (as well as the
engineering/technology base), a number of concept improvements have
been proposed that are found to offer the potential for further
improvement of the reactor size and parameters.

The physics rationale for this recent study includes: (1) equilibrium,
particle orbits, and magnetics; (2) confinement/transport scaling; (3)
stability (6 limits); and (4) ring power requirements. While most of
the results in this paper center on stability and ring power
requirements (not treated consistently in the past) and their impact on
reactor operating space, we consider briefly some of the other
highlights.

The spatial position of hot electron rings [formed near contours of
constant |Bi in the midplane] is critical to efficient utilization of
the magnetic volume within the vacuum chamber. Recent studies indicate
that centering of raod-B (centering of ring) through symmetrizing (SYM)
or inverse D (ID) magnetic configurations can be more efficient than
coil configurations [i.e., axis-encircling aspect ratio enhancement
(ARE) coils] assumed in previous studies.

The present experimental data base and results from 1-1/2-D transport
calculations continue to give favorable projections for a reactor. The
radial profiles obtained from these calculations are found to be
similar to those required for stability. Moreover, consideration of
these profile effects leads to confinement estimates significantly
better than those estimated (and used) in the earlier studies.

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide
Corporation.
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Limitations imposed by stability constraints on core beta and pressure
profiles, ring scale lengths, and power balance are critical in EBT in
the determination of the operating windows for and in the assessment of
desirability of a reactor. Present stability theories indicate
existence of several modes that may limit the reactor performance.
Among them, the hot electron interchange (which sets a lower limit on

anc* ^he core pressure-driven interchange-LVD limit (which
limits core beta near the ring, 3 c o r e < 2A/RC, where 2A is the ring

width and Rc is the radius of curvature) are found to be most
restrictive for reactor applications. Because these stability
constraints apply near the outer edge of the ring region, radial
profiles of the core pressure (which are assumed to be constant in
earlier calculations) are shown to play an important role in both
fusion and ring power balance. The maximum stable core pressure
gradients that can be supported in the core plasma (inside the ring)
have been examined using both MHD and a kinetic theory that takes into
account ring-core coupling. Since the magnetic fields in EBT vary both
radially and axially, for constant pressure profiles <3core> is much
smaller than (less than one-fourth) the calculated value near the ring.
However, the key result of the profile consideration is that volume
average core beta <Pcore> is comparable to the theoretically calculated
core beta at the center of the ring, which permits sufficiently high
fusion power density for sufficiently small ring width.

Coupling of core beta with ring volume (through the ring thickness A)
and with ring power losses (through the relative core/ring density
ratio) affects reactor power balance. Minimizing ring power requires
thin (small A) rings whereas high beta (~ fusion power density)
requires thick (large A) rings; this implies opposing constraints.
Taking into account the various stability constraints (LVN limit,
etc.), profile effects, and other physics and technology constraints,
it is shown that a comfortable operating window exists with acceptable
ring power losses (recirculating power fraction) in a reactor.
Boundaries of this window are determined from the stability
constraints, microwave cutoff, beta limit, and net power production
requirements. Parametric analyses with physics and engineering system
codes are carried out to determine the reator characteristics and
performance within this stable operating window. The sensitivity of
the results to variations in physics and engineering parameters and/or
assumptions is also studied.
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CONCEPTUAL DESIGN OF HEL10TRON REACTOR

Shunji Kakiuchi, Yoshiaki Kazawa,
Hitachi Works, Hitachi, Ltd., 3-1 Saiwai-cho Hitachi, Japan,

Masatugu Nisai*), Takashi Okazaki*),
1) Energy Research Lab., Hitachi, Ltd. Moriyama-cho, Hitachi, Japan

Osamu Motojima^), Atsuo Iiyoshi, and Koji Uo^)
2) Plasma Physics Lab., Kyoto Univ., Gokasho, Uji, Japan

Design studies on Heliotron F (break-even reactor) and G (experimental
and prototype reactor), which are the next generation devices of Helitron
E, are reported.

Main design parameters of Heliotron F and G are shown in Table 1. In
Heliotron F project, two kinds of devices are considered. The one, Fl,
is for demonstration of the break-even condition by H plasma, and the
other, F2, by D-T burning plasma. In Heliotron G project, the most
important target is to get self-ignited steady state plasma. Electrical
power of 10 MW is generated. From economical point of view, it is de-
sired to make the reactor configuration as compact as possible. The
plasma parameters in Table 1 are, therefore, determined on the basis of
an advanced confining scaling of heliotron H device.

The schematic view of Heliotron G reactor core is shown in Fig. 1. The
key issues are as follows:
1. Vaci. m vessel and superconducting helical coil with cryostat are con-

structed as one-body structure.
2. Disassembling, assembling, and repairing of core components such as

first wall and diverter plate are undertaken through port spaces
between the slots of helical coil, using remote handling equipments.

3. Breeding blanket is set as much as possible to cover the fusion plasma.
The covering area is about 80% of whole plasma surface.

The nucleonic calculation based on this structure is attempted. The main
results are; (a) breeding ratio of tritium is about 0.9, (b) nuclear
heating power in the cryosystem is about 1.5 KW.

The system composition of Heliotron Fl and F2 is studied, i.e., reactor
core, primary and secondary cooling system, fueling system, vacuum
system, power supply system, and refrigiration system. In the case of
Heliotron G, generator system is added.

In the final manuscript, details will be presented. Superconducting
helical coil is described in another paper.
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Table 1. Main design parameter; of hcliotron F and G

Fl F2

(1) Plasma

major radius (m)

minor radius (m)

plasma elongation

temperature (ksV)

density (n/m^)

confinement time (sec)

£ value {%)

burning t i :nt (sec)

pUismj fusion power (MWth)

wall load (M'*7m2)

(2) Helical coil

centcrliric field (T)

maicimuin field (T)

lichcal rcdius (in)

helical pitch

ampere t.irn (AT)

stored energy (GJ)

.0) Vertical field coil

major radius (>n)

H'l.il ,III\;HTC iiim (AT)

Stored energy (CD

{«) Clet^rj'"al o«ilj>ut (MVr'e)

6.4

O.S

2
;n

1.0x10"

1

J

100

.

-

S

1.2
7.5

l.2KxlO*

i.i

8.0

0.8

2

10

l.OxlO20

1

5
100

70

6.3

li

Z

1.5
7.5

1.6x10*

6.7

13.6

1.0

2

16.5

l.lxJO20

1.6

7

steady state

700

1.2

4.5

3

2:55

7.5
3.06xl0S

43

9.2

4.72x10*

1.0

11.5

l . l i x l O 7

2.0

10
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TOROIDAL FIELD RESISTIVE MAGNET DESIGN FOR TOKAMAK TEST REACTORS R. J.
Hooper and S. S. Kalsi, Fusion Engineering Design Center/General
Electric Company This paper describes the design of resistive copper
toroidal field (TF) coils for use in a near-term tokamak fusion device
(FED-R). The mission of the device is to provide a quasi-steady state
source of 14 Mev neutrons irradiating a large test area, in order to
perform nuclear testing of experimental blanket assemblies.

A design requirement on the TF coils is that they contain readily demount-
able joints to facilitate replacement of components inside the bore of
the coil. This requirement leads to selection of water-cooled resistive
copper TF coils.

The TF coils are designed to provide a field of 4.0 T on the plasma axis
during Stage I operation (6000 pulses) and a field of 5.0 T during Stage
II operation (3300 pulses); these fields correspond to peak fields at
the TF coils of 7.0 T and 8.75 T, respectively.

The TF coils and their associated support structure are designed accord-
ing to structural criteria which are used for all magnet system components
for which the FEDC has design responsibility. These criteria are similar
to those used in other large magnet programs and are described in Ref. 1.

Each of the 12 TF coils is fabricated from rectangular window frame
plates with 1 m radius fillets in the inside corners. Each coil contains
17 turns each fabricated from CDA-110 copper plate segments 6.1 cm
thick. In the inboard region, the 12 TF coils nest together providing
wedging action which is the principal means of reacting the net centering
force on the coils. To achieve the required fitup of the plates in the
inboard region, the plates must be machined to a tapered thickness
ranging from 6.1 cm to 2.2 cm at the most inboard point.

Each of the 17 plates in each TiT coil is made up from 11 segments, which
are joined using three types of joints: manufacturing lap joints,
electrical joints, and demountable finger joints, as shown in Fig. 1.
Also shown in Fig. 1 are the coolant slots milled into both sides of
each plate in the stack; the cooling system is sized to accommodate the
combined heat load resulting from resistive power dissipation and nuclear
heating.

In order to reduce the major radius of the machine, the radiation fluence
limit is established at 10 1 1 rads. This fluence is orders of magnitude
above the level at which organic insulators such as G-10 lose most of
their mechanical strength; consequently, a ceramic turn-to-turn insulator
is used. Magnesium aluminate (MgAlgO^) has been selected because it can
be applied by plasma arc spraying and is, therefore, well suited to the
FED-R spatial configuration.
*Research sponsored by the Office of Fusion Energy, U.S. Dept. of Energy,
under contract W-7405-eng-26 with Union Carbide Corp.
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Figure 1. Joints and coolant lines in FED-R TF coil plates.

The copper plates in the TF coils are self-supporting against the Lorentz
forces acting in the plane of the coil, although additional support
structure is needed to withstand the out-of-plane loads and the resulting
overturning moments. A Nitronic 33 coil case supports the portion of the
coil outboard of the demountable joint. In addition, intercoil support
structure in the form of deep box-like modules is used to equilibrate
overturning moments. A vertical window opening 5.4 m high is maintained
between TF coils to permit replacement of torus sectors.

Reference

1. R. J. Hooper and B. L. Hunter, "Structural Design Procedures for FED
Magnets," Proc. 9th Symposium on Engineering Problems of Fusion Research,
Vol. I, pp. 539-542, Chicago, Illinois, October 1981.
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A MINIMUM-THICKNESS LOW-ACTIVATION TOROIDAL FIELD COIL CONCEPT
FOR FUSION REACTORS

W. Y. Chen and E. T. Cheng
General Atomic Company

P.O. Box 81608, San Diego, California 92138

In designing a low-activation fusion reactor, it is essential that a
low-activation toroidal field coil be developed. This paper discusses
a minimum-thickness, low-activation, toroidal field coil concept for the
STARFIRE-type commercial tokamak fusion reactor. The STARFIRE TF coil ref-
erence design* is based upon a Cu-stabilized conductor with stainless steel
(SS) interwound support. The winding insulation is mainly glass epoxy
(G-10), and the helium vessel is 316 SS. The superconductor will be Nb3Sn
at high field (9 to 11 T) and NbTi at lower fields. Stainless steel,
copper, and niobium are the high-activation components.

Since there is no other commercially-proven superconductor which has
performance comparable to Nb3Sn or NbTi, it is not possible to eliminate
such materials from the coil. However, to achieve an otherwise low-
activation design, two alternative approaches are possible:

1. Replace the copper stabilizer with high-purity aluminum, and the
stainless steel support strip with low activation aluminum alloy such
as Al-6063.

2. Replace the copper stabilizer with pure aluminum, and the stainless
steel support strip with silicon carbide (SiC) fiber (NICALON)1

reinforced aluminum alloy.

For either option, the conductor insulation will still be G-10 or polyimide-
based material, and the helium vessel should be constructed with high
strength fiber (glass, graphite, or SiC) reinforced epoxy to reduce the
pulsed field heating.

A scaling study was carried out on the required cross sectional area of
STARFIRE TF coils if the above low-activation design principles are fol-
lowed. The purpose of the study was to find out the consequences of adopt-
ing a low-activation design in a commercial-size tokamak reactor such as
STARFIRE. References 2 and 3 contain the main basis of data utilized in the
scaling.

Results Indicated that the low-activation aluminum-alloy-supported,
aluminum-stabilized TF coil requires a cross sectional area of 26.3
x 10^ cm^ as compared to the 18.7 x 10^ cm^ for a stainless steel-supported,
copper-stabilized coil, or equivalently, a 41% increase. The increased
structural material area is due almost entirely to lower strength. Results
for a TF coil supported by S1C-A1 composite are similar.

*Work supported by the Department of Energy, Contract DE-AT03-76ET51011.
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It is expected that such an increase in the TF coll cross-section will not
be acceptable because of the resultant economics penalty imposed on the
reactor. One alternative is to replace the first 10 to 20 CM of coil wind-
ing at the plasna side with low-activation construction, since this is the
region where most activation reaction will take place, leaving the balance
of the coil conventional stainless steel structure. The stabilizer through-
out the entire coil will be pure aluminum, and the helium vessel will be
graphite epoxy. Such a scheme will result in an activation level within
acceptable limits. If only the conductor support in the first 10 to 20 cm
of coil winding is replaced by aluminum alloy, then the net cross sectional
area and the radial build of the coil will be actually less than the all-
stainless steel reference design. Such an area reduction results partly
from the savings in the stabilizer area required, and partly from the
smaller helium vessel thickness due to the higher strength of the graphite
epoxy. In fact, the savings in the aluminum stabilizer area can allow up
to the first 20 cm of conductor support to be replaced by aluminum alloy
without causing any increase in the coil cross sectional area.

REFERENCES

1. "STARFIRE - A Commercial Tokamak Fusion Power Plant Study," Argonne
National Laboratory Report ANL/FPP-80-1, Vol. 1, September 1980.

2. NICALON is a trade name for SIC fibers manufactured by Nippon Carbon
Company, Tokyo, Japan.

3. Chen, W.Y., et al., "Design of an Al-Stabilized Superconductor for
Tokamak Toroidal Field Coils," Advances in Cryogenic Engineering
Materials, Vol. 26, p. 514, 1980.
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STRUCTURAL DESIGN CONSIDERATION
FOR THE FED 50 kA POOL BATH COOLED CONDUCTOR (PBCC) COILS

George Buchanan
Joel G. Bennett

Los Alamos National Laboratory

ABSTRACT

This paper reports the analysis and subsequent design of an equilibrium

field coil that is referred to as EF2. Basically, the coil consists of four

pancakes with 31 turns of conductor per pancake. The overall dimensions of

the EF2 ring coil that was studied were approximately 28.1 in (0.714 m) in

the axial direction and 24.5 in. (0.622 m) in the radial direction. The

radius of the coil with respect to the center of the reactor was assumed as

475.0 in. (12.065 m) based upon a recommendation contained in Ref. 1. The

coil loading was divided into four separate components, two radial components

and two axial components and evaluated according to Ref. 2 as

F = 15990 - 22270 sin (106) lb/in. of coil, and

Fz = -3426 + 20210 sin (106) lb/in. of coil.

The ring coil loading configuration is affected by the presence of 10

poloidal field coils that are symmetrically positioned to produce a repeated

loading pattern e\iery 36 degrees around the coil. The coil is supported

vertically, in the axial direction, e\/ery 36 degrees but is essentially free

to deform radially.

Several concepts concerning the structural design were to be investigated.

o Determine the feasibility of a structural support system that could

be co-wound with the conductors.

o Determine guideline dimensions for a supporting frame or box-beam

type of supporting structure.

The computer analysis was performed at Los Alamos using the A8AQUS

computer code. The preliminary analysis was accomplished using axisymmetric

finite elements and assuming a constant radial loading. The asxisymmetric

model gave excellent results for the tangential stress or hoop stress. Both

of the structural support systems were analyzed as axisymmetric with constant
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radial load. The preliminary analysis indicated that the frame-type support
system was superior to the co-wound structural system. As a check on the
formulation and analysis using the axisymmetric model a plane strain model of
a section of the coil was analyzed. The results using the plane strain model
verified the analysis using an axisymmetric model.

Since the loading was essentially three dimensional and both axisymmetric
and plane strain analyses represent two-dimensional problems, a more general
representation of the ring was deemed necessary. The total ring structure was
modeled using three-dimensional beam elements. The ring was assumed to be
supported by a column every 36 degrees and accordingly was fixed to prevent
axial movement of each support. The support condition in the radial direction
was modeled as an elastic spring representing the stiffness of the supporting
columns. The beam elements were fixed at each support against rotation about
their longitudinal axis. All other reactions were allowed to occur at each
support. The beam section properties were computed using standard methods.
The general loading produced a hoop force and bending moments about each beam
axis. Elementary stress formulas were used to compute the combined stress.
The results for hoop stress and bending moments were fairly insensitive to
changes in the section properties, however, the final stresses were
significantly affected by slight variations in the beam area and moments of
inertia. Several different box-type frame configurations were shown to
represent a possible structural support system for the equilibrium field coil.

REFERENCE

1. Hunter, B. L. Memorandum to J. 6. Brown, FEDC-M-82-E/M-125, FED

Baseline-Independent Support and Vacuum Vessel for Superconducting Ring

Coils, June 24, 1982.

2. Hunter, B. L. Memorandum to S. S. Kalsi, FEDC-M-82-E/M-066,

FED-Application of Forced Flow Conductor to Superconducting Ring Coils,

April 19, 1982.
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A UNIFIED STUDY FOR DETERMINING POLOIDAL FIELD COIL LOCATIONS FOR A
TOKAMAK* Vishnu C. Srivastava and Swarn S. Kalsi, Fusion Engineering
Design Center/General Electric Company. The PF coil configuration has a
major impact on the cost and maintenance of a tokamak device. A strong
dependence also exists among plasma shaping requirements, the PF system
power supply needs, and magnetic and structural design of TF coils. The
final PF coil locations are obtained on the basis of a number of iterations
using the MHD equilibrium code. The starting point for these iterations
was the idealized PF coil configuration (see Figure) with a large number
(fifty) of coils located along the outside perimeter of the TF coils.
The selected configuration satisfies the plasma requirements with limiter
option. The next set of iterations is performed with a specified central
solenoid and with a few discrete coils — each coil replaces many coils
carrying similar currents in its vicinity. Next, these discrete coils
are positioned at locations dictated from the overall mechanical configura-
tion. This represents final PF coil configuration with limiter. To
generate divertor action, PF coil currents, with the exception of the
central solenoid current are varied to obtain appropriate separatrix
location and scrape off regions. At each iteration, plasma and mechanical
configuration requirements are satisfied.

The PF configuration studies are made for INTOR utilizing large and
reduced size TF coils as an example for this study. PF configurations
are developed for limiter and single null poloidal divertor. These

1st MHD run with distributed colls
(without divertor)

2nd NHD run with discrete coll locations
(without divertor)

3rd MHD run with discrete colls with
divertor

4th MHO run with coll locations consistent
with mechonlcal configurations

*Research sponsored by the Office of Fusion Energy, U.S. Dept. of
Energy, under contract W-7405-eng-26 with Union Carbide Corp.
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configuration studies include the impact of parameters such as total
ampere turns, total ampere meter of conductor, stored energy, volt-
seconds, coil cost, and power supplies cost for high £ and low & plasma
operations. The PF coils are assumed to be located outside the TF coils
in all the cases studied. Structure cost is included as a percentage of
the winding cost. The power supply cost is calculated on the basis of
stored energy (E) in each coil and MVA required during startup and burn
phases. FF system cost and other pertinent parameters (total ampere-
turns, ampere meters of conductor, stored energy in the magnets and
volt-seconds delivered to the plasma) are all calculated by utilizing
computer codes.

The procedure and methodology developed in the present studies appear to
be adequate, for optimization of the PF coil distribution. The coil and
power supply cost are minimum for the smallest number of PF coils. These
studies also indicate that the total cost of the PF system increases
appreciably in going from idealized PF configuration (with discrete
coils) to practical configuration. The system integration requirements
are the major drivers for the PF coil locations and cost. The PF system
with poloidal divertor costs ^50% more than a system without the divertor
action (limiter).
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RIPPLE REDUCTION COILS FOR TOKAMAK REACTORS

by Glenn Bateman
Georgia Institute of Technology

4 October 1982

A conceptual design is presented using a combination of superconducting
Ripple Reduction Poloidal Field (RRPF) coils fl,2] and normal saddle coils in
an INTOR-size tokamak reactor consisting of 8 toroidal field (TF) coils with
6.6 m by 9.2 m bore. A cross section of the design is shown in Fig. 1. The
RRPF coils consist of dipole magnetic coils placed between the TF coils and
the neutron shielding, 3.8 m above and below the plasma midplane, in order to
produce part of the shaping field needed for a D-shaped plasma equilibrium
and to reduce magnetic ripple near the top and botton of the plasma. They
are designed to share the TF coil cryostat and support structure, without
obstructing access to the shielding, blanket or first wall. The normal (ie,
water cooled copper) saddle coils are attached to the outer edge of the
shielding, one meter away from the first wall. They carry 0.6 MA turn each
and consume less than 16 MW power all together to reduce magnetic ripple
primarily near the midplane of the plasma. A field line following code was
used to show that magnetic field lines are well confined in spite of the lack
of axisymmetry in the coil currents.

In this design with 8 moderately sized TF coils, magnetic ripple is reduced
from more than 5% at the outer edge of the plasma to less than 0.3% through-
out the plasma. The TF coil size was determined so that each sector of the
shielding, blanket and first wall could be pulled straight out along a line
55 degrees relative to the nearest TF coil. With a six TF coil set of the
same size, access is easier but more than twice as much current is needed in
the saddle coils to reduce ripple.

Since the superconducting RRPF coils are intended to be pulsed, in response
to changing plasma equilibria a conditions, they must be designed so that the
maximum field strength at their surface is everywhere less than 8 tesla.
This constraint poses quite a challenge since the ambient toroidal field
exceeds 7 tesla at the inner edge of the RRPF coiils. The challenge was met
with the following design: Each RRPF coil carrying i.6 MA turns of current
is 0.1 m thick, 0.8 m wide, and extends two and one half toroidal sectors
(112.5 degrees) around the torus. These thin coils overlap each other
alternately two and three deep so that the average current in the toroidal
legs is 4.0 MA turn. The coils, with semicircular radial legs, are staggered
between the TF coils to reduce the ripple by 1.4% near the top and bottom
edge of the plasma. The EFFI code was used to show that the maximum field at
the RRPF coil surface at full current is about 8 tesla. The RRPF coils in
this design are primarily responsible for shaping the plasma equilibrium,
while the saddle coils provide independent control over the magnetic ripple.

The Princeton equilibrium code was used to determine what coil currents are
needed to produce appropriate axisymmetric plasma equilibria. The RRPF
coils alone produce much of the vertical field needed for positioning the
plasma along the major radius as well as hexapole and some quadrupole field
needed for a D-shaped plasma. With the RRPF coil current fixed, additional
poloidal field coils placed outside the TF coils were used to control
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plasma position and elongation. It was found that less than 2.6 MA turns of
current is needed in the elongation FF coil (at 2*6.2 m and R»4.6 n) to
produce a plasma elongation exceeding 1.8 at the separatrix and 1.4 near the
magnetic axis. The outer PF coil (at z»4.0 m and R=10.0 ra) needs to carry
about 3.2 MA. turns of current in order to hold a plasma with 5.1% average
beta. With fixed RRPF coil current, the plasma shape is remarkably insensi-
tive to changes in the elongation PF coil current.

References

1. 6. Bateman, "Ripple Reduction Poloidal Field Coils for Tokamaks",
Georgia Tech Fusion Report GTFR-26 (March, 1981).

2. G. Bateman, "Ripple Reduction Poloidal Field Coils for Tokamak
Reactors", Ninth Symposium on Engineering Problems of Fusion Research,
Chicago, 26-29 October 1981; and Georgia Tech Fusion Report GTFR-
28(October, 1981).

Research supported by US DOE under contract no DE-AS05-78ET-52025 with
the Georgia Institute of Technology.

Fig. 1. Cross section of tokamak reactor with D-shaped plasma chamber
surrounded by blanket and shielding with saddle coils on the outboard
edge, RRPF coils above and below, TF coils, and additional PF coils.
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HYSTERESIS LOSS CALCULATIONS FOR THE TOKAMAK
FUSION REACTOR THROUGH FIELDS HARMONICS CONTENT

BY

K. Denno
New Jersey Institute of Technology

For the Tokamak Fusion Test Reactor (TFTR) at Princeton as well
as the multistage Elmo Bumpy Torus hybrid reactor at ORNL, periodical
as well as any time changes in various coil currents, will induce
significant adverse transient effects coupled with subsequent
hysteresis power loss in the reactor metal content. Previous work
carrierd out by this author with respect to eddy current loss pre-
sented electromagnetic fields calculations in the Tokamak using the
concept of Helmoholtz field radiation function with conventional
Maxwells field equations taking into consideration changes in the
vertical as well as the control fields coil systems, namely the r/-
ignition, the true ignition, the burning phase and shutdown.

This paper presents new phase of calculations involving the dynamic
scope of hysteresis power loss carried out in connection with the analysis
of harmonic contents for various electromagnetic field coils system appli-
cable to the TRTR and the E-BT. Results have been secured for the induced
electric and magnetic fields within the reactor ferromagnetic material
contents, frequency spectrum of the propagating seperating plane in thick
and thin materials as well as the surface impedance expressed explicity
at the fundamental field frequencies as well as wide range of harmonics
content.

Solutions for hysteresis power losses applicable across the entire
frequency spectrum have been obtained for the periodic duration of every
field coil system as well as for the concurrent changes of all field coil
systems. And finally unified theory for electromagnetic field calculations
together with the concept of eddy current-hysteresis losses is established
combining Helmholtz function with harmonic content analysis. Development
of the unified theory is another step forward in solving operational prob-
lems of eddy-current and hysteresis power losses calculation for the TFTK
and the E-BT reactors, as well as their hysteresis losses.

References:

1. Agarwal, P.D. - "Eddy-Current Losses in Solid and Laminated Iron",
AIEE Transactions, Pt-1, vol.78, 1959.
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DESIGN AND FABRICATION OF THE IRON CORE
FOR THE OHTE EXPERIMENTAL MACHINE

B. Curwen and L. H. Franklin
General Atomic Company, San Diego, CA 92138

OHTE, a toroidal pinch magnetic confinement plasma experiment, has been in
operation at General Atomic since February 1981. In its original form,
plasma current was induced by an air core induction or ohmic heating coil
driven by a capacitor bank. Preliminary study revealed that greater plasma
currents and pulse lengths could be achieved more cheaply by converting to
an iron core than by installing additional capacitors. Therefore, an iron
core with a 3 volt-second capability and a stepped configuration was
designed, fabricated and incorporated into the OHTE experimental device as
part of a planned upgrade.

T
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segments

\ _ Lower
segments
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j-S 4.2 m aH

Sect. A-A

Figure 1

To facilitate handling and installation, the iron core was fabricated in 28
segments consisting of 14 lower and 14 identical upper segments (see Fig.
1). Each segment was continuously wound in a "clockspring fashion" around a
former using Armco electrically oriented steel 0.35 mm thick and 136 xm.
wide. Interspaced between each lamination is insulating paper 0.02 mm thick
and 136 mm wide. The assembly is bonded together using a structural epoxy
adhesive continously applied during winding. This fabrication technique
resulted in a stacking factor (percentage of iron in the assembly) of
approximately 902. After winding, each assembly was cut into two identical
halves on a large vertical milling machine. The halves were bonded to a
support saddle consisting of hardwood and aluminum. To eliminate electrical
shorts, all machined surfaces vere chemically etched with a diluted nitric
acid solution, then painted with moisture repelling high dielectric strength
epoxy spray paint to eliminate lanination-to-lamination creepage and future
surface corrosion.
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Laminated assemblies weighing as much as 10500 lbs were shipped to the site
flat where they were set upright using a specially designed fixture. An
aluminum base and support brackets were designed to assemble the individual
laminated assemblies in their correct location with respect to the plasma,
the major loading for all support structures being seismic. Prior to final
assembly, a trial fit of the lower half of the iron core was made to check
out clearances and to determine the center of mass of the assembly*

Installation of the iron core and torus assembly were completed in October
1982 and experimental operations were resumed.

This work was supported by Phillips Petroleum Company and General Atomic
Company under Joint Research and Development Agreement (GA Reference No.
01341).
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NONDESTRUCTIVE TESTING OF METALLIC SHEATH FOR SUPERCONDUCTING CABLE*

R. W. McClung, K. V. Cook, C. V. Dodd, and J. H. Smith
Metals and Ceramics Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

As part of the quality assurance effort for the Oak Ridge National
Laboratory (ORNL) Large Coil Program (LCP), ultrasonic and eddy-current
techniques and equipment have been developed for examination of the
metallic JBK-75 alloy sheath for superconducting cable. Specifically,
ultrasound was used for the examination of the strip before forming into
the sheath, and eddy currents were used to examine the linear seam weld
after the sheath had been formed around the superconductor cable. The
cable was being fabricated by Airco for use in the large coil developed by
Westinghouse.

ULTRASONICS

After consideration of many approaches, ultrasonic techniques were
selected as the optimum method for examination of the strip prior to
forming into the sheath. It was anticipated that commercial ultrasonic
instrumentation could be applied; a survey disclosed that there was no
mechanical scanning equipment available that would be appropriate for the
large coils of 78-mm-wide by 1.6-mm-thick (3.07- by 0.063-in.) strip. A
sturdy mechanical system was developed that was capable of handling the
heavy (180 kg) coils and feeding the approximately 120 m (400 ft) of strip
(on each coil) through the inspection station. Rotating heads of large
welding fixtures were modified to accommodate and control the large coils
at both the unspooling and respooling stations on either end of the
water-filled ultrasonic inspection tank. A system of urethane-coated
wheels was used to establish and maintain the uncoiled strip in precision
position under the ultrasonic transducers. Additional capabilities
incorporated in the system were for cleaning and drying the inspected
strip, and interleaving with paper as the strip was rewound into a coil
for reshipment.

After technique selection and development, five ultrasonic transducers
(and inspections) were applied concurrently to the length of each strip as
it fed through the system. Three transducers were used to transmit and
receive shear waves to detect and evaluate longitudinal flaws (parallel to
the strip) with a depth of 0.28 mm (0.011 in.). An ultrasonic frequency
of 1 MHz was appropriate for detection of such flaws across the width of
the strip except for a narrow zone along each edge where the 1 MHz had
inadequate resolution. A 2.25 MHz transducer was used for each edge
because of the improved resolution for detecting flaws near the edge

•Research sponsored by the Office of Fusion Energy of the U.S. Department
of Energy under Contract W-7405-eng-26 with the Union Carbide Corporation.
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(the attenuation was too high to allow the use of 2.25 MHz across the
entire strip width). In addition, two 5 MHz transducers were used (one
along each edge) to detect laminations as small as 1.6 am (0.063 in.) that
could adversely affect subsequent welding. For the lamination detection,
longitudinal wave ultrasound was transmitted perpendicularly through the
strip and reflected from a plate underneath the strip. Fifty-four coils
were examined with no rejectable discontinuities detected.

EDDY CURRENTS

Eddy-current techniques and equipment were developed for on-line
evaluation of the longitudinal seam weld in the sheath after forming
around the superconductor. Early studies by others had encountered
significant problems due to the inability to separate signals related to
properties of interest from "noise" signals caused by the superconductor
variation in weld contour, coil-to-specimen spacing, et al. Conventional
eddy-current techniques, which use only a single-frequency with
measurement of magnitude and phase of the signal, offer the potential for
separating only two variables. However, prior work at ORNL in both
theoretical and experimental studies had developed the capability for
solving such multiparameter problems using multifrequency techniques. The
availability of computer-based multifrequency instrumentation for ongoing
DOE and NRC projects for examination of steam generator tubing offered a
promising solution for the seam-weld examination. Computer programs were
developed using both theoretical models and experimental measurements on
specimens of seam-welded sheath containing flaws. These programs accepted
the raw data of magnitude and phase at each of the three eddy-current
frequencies and performed the necessary calculations with the complex
equations to permit display of the properties of interest (i.e., flaws,
thickness, etc.) without the ambiguity caused by background variables. A
mechanical system was developed to reciprocate the eddy-current probe
transversely across the weld seam and heat-affected zone (UAZ) as the weld
is advanced linearly through the inspection station. After installation
on the welding line at the Alrco plant, a supplementary manual technique
was developed to allow examination of regions that had been weld-repaired
after the initial on-line detection. Airco personnel were trained in the
operation of the equipment and it has been used on-line (only a few feet
after the welding station) to detect flaws as small at 0.5 mm deep
(0.020 in.). This prompt detection allows adjustment of welding
parameters if necessary.

SUMMARY

Ultrasonic and eddy-current techniques and equipment have been developed
for the evaluation of the sheath strip and seam welds respectively. The
application of the technology contributed to the confidence in the
integrity of the superconductor cable for the Large Coil Program.
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LONG-TERM FED/INTOR MAGNET TESTING IN SUPPORT OF DEMO1

V. N. Shah, J. S. Herring, S. Z. Rouhani
EG&G Idaho, Inc.

Long-term irradiation of materials at cryogenic temperatures in FED/INTOR will
be necessary to obtain conclusive reliability data for the design of super-
conducting magnets for DEMO. A study carried out by EG&G Idaho^, has evaluated
the data needed and the duration of the long-term tests required to provide
this information.

The toroidal field (TF) magnets of a tokamak reactor will be intimately inter-
wined with the first wall, blanket and shield. The ohmic heating (OH) and
equilibrium field (EF) coils are also difficult to repair because of their
location and size. The high-induced radioactivity in the first wall and
shield will require that maintenance be done remotely. All these factors
combine to require that the superconducting magnet systems be extremely
reliable and maintenance-free. Therefore, the Large Coil Program (LCP) has
been established to provide a separate non-radioactive facility in which to
verify and improve magnet performance.

The FED/INTOR will differ from LCP in several important aspects. The FED/INTOR
magnets will be approximately three times larger than those in LCP. The
maximum field at the conductor in LCP is 8 T while FED/INTOR could possibly
have 10 T as the maximum field. The presence of a high-temperature plasma
will produce neutron and gamma radiation damage, as well as fluctuations in
the magnetic field produced by the plasma which will interact with the super-
conducting magnets.

Available operating experience indicates that the predominant causes for early
failure are improper structural support of the conductor and locally inadequate
cooling of the winding. Improper support results in movement of the conductor
generating frictional heat and causing a growing resistive zone. Inadequate
cooling is the result of poorly designed coolant flow or changes in the coolant
channel geometry due to conductor or insulator movement.

These early failures are the result of design deficiencies which should be
found during the first year of operation. The real benefits to DEMO from
long-term FED/INTOR operation are in following the effects of conductor,
stabilizer and insulation degradation on magnet performance and in identifying
other unanticipated failure modes.

The present data base for predicting the change of magnet component properties
with neutron and gamma radiation is inadequate, particularly for radiation
effects at cryogenic temperatures (=5 K) and at high magnetic fields.

Failure criteria and the rates of property changes in combination with the
predicted neutron and gamma radiation intensities at the position of super-
conducting magnets are used to estimate the lifetime of the different magnet
components.

The timetable to meet FED/INTOR objectives have been established by the FEDC.
The first three years of operation consist of an integrated system checkout,
followed by two years of operation with hydrogen and deuterium plasmas.
During this early, essentially nonradioactive phase, the integrated performance
of the magnet system components will be demonstrated.
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The thermal and mechanical design of the conductor, leads, dewars, and cryo-
genic system will be extensively tested before assembly. During the integrated
systems checkout phase interactions with other components of the FED/INTOR
reactor will be intensively examined. These tests will include verification
of the design requirements for conductor stability against quench propagation,
conductor and lead performance under slightly degraded cooling conditions and
magnet response to upsets in other parts of the cryogenic system.

The interactions between a hot plasma and a set of superconducting magnets
will be seen for the first time in FED/INTOR. The introduction of a DT plasma
will increase the temperature and kinetic energy to the plasma about an order
of magnitude. The beginning of 10 T operation will increase the energy by
50 percent, and will push the conductors closer to their stability limits.

The most important long-term damage to the materials in FED/INTOR will come
from neutron and gamma radiation. To evaluate the changes in insulator,
stabilizer, and conductor properties, coupons will be placed at various
locations for removal at specified intervals. It is important that the coupons
be irradiated at cryogenic temperatures and tested without being heated to
room temperature. Coupon location within the shield will allow for accelerated
irradiation.

Any magnet testing done must not endanger overall availability of the machine.
Magnet testing should be limited to gather operating experience and to monitoring
the effects of radiation and plasms interactions on coil performance.

Material behavior can be predicted based upon the condition of coupons irradiated
in the shield and coils of the FED/INTOR and samples of the same materials
earlier irradiated in fission reactors at cryogenic temperatures. Long-term
testing will provide mechanical and thermal design verification and data on
the irradiated properties of magnet materials which permits projection of a
maximum lifetime. Additionally, it will identify design or manufacturing
flaws which lead to premature failure. It will not, however, identify a
failure rate with enough statistical significance to permit prediction of the
reliability of a DEMO magnet.

Work supported by the U.S. Department of Energy Assistant Secretary for
Research, Office of Fusion Energy, under DOE Contract No. DE-AC07-76ID01570.
Long-term FED/INTOR Magnet Testing in Support of the Demonstration Fusion
Reactor, EG&G Informal Report.
Proceedings of the Meeting on Electrical Insulators Fusion Magnets, CONF-
801237, pp. 7.1-7.32, November 1981.

534



EBT-P QUENCH DETECTION TECHNIQUE IN
A MAGNETICALLY NOISY ENVIRONMENT

D. W. Lieurance, S. M. Cunningham, H. G. Arrendale
General Dynamics Convair Division, San Diego, California

The Elmo Bumpy Torus Proof of Principal (EBT-P) magnetic system
contains thirty-six (36) superconducting mirror coils connected in
series during operation. Each coil stores approximately 1.5 mega-
joules at full charge. Should a normal zone develop along a coil con-
ductor, it is imperative to remove the coil from the system and dump
the energy as soon as possible. Circuitry has been designed to provide
this protection function.

The most critical function of this circuitry is the detection of nor-
mal zones in the presence of large magnetic interferences. The princi-
pal source of this magnetic noise are large electron currents, or rings,
circulating around the axis of the mirror coils. The contents of this
paper deals with the required analysis of the magnetic couplings between
these electron currents and the various components which make up the
EBT-P mirror coil and the resulting design for detection of normal zones
within this environment.

Discrimination of the normal zone signal from the similar waveform
electron ring noise is accomplished by partitioning the coil into sub-
coils -- the induced signal in one section of the coil being used to
cancel the induced signal in another coil section. Partitioning, gains,
and interconnections for cancellation are very critical as the source
of noise changes position with respect to the sub-coils- and the coils
are wound slightly asymetrically.

The procedure has been to model the electron rings and coil components
as intercoupled inductances. Several ring dimensions and locations have
been considered. The ring is modeled as two current sheets, one at
radius Ri and the other at Ro both with length I. The 1200 turn mirror
coil has been partitioned at several inductances by considering separate
layers, including the pancake layer.

The structural shells of the helium vessel, vacuum vessel, X-ray shield,
and vacuum liner have been considered as one turn inductances of charac-
teristic resistances for the materials involved.

An analysis of the above models was then performed using the computer
program SPICE (version 2E.0, 1/18/78) for Ring Transients of 4.5
volt • sec, Bulk Plasma Transient of 6.75 volt • sec, and Periodic
Ring Fluctuations at 2.25 volt • sec

The results of the above runs have been used to develop a four input
(5 tap) coil pickup circuit which will filter and cancel the effects of
magnetic noise while still responding to a rising voltage across the
mirror coil due to a normal zone.
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MARS HEATING SYSTEMS*

S.A. Freije, D.M. Goebel
Energy Development Group, TRW, Inc., Redondo Beach, CA 90278

L.J. Perkins
Nuclear Engineering Dept., Univ. of Wisconsin, Madison, WI. 53706

G.W. Hamilton
Lawrence Livermore National Laboratory, Livermore, CA 94550

J.D. Fink
Negion, Inc., 4023 East Ave., Hayward, CA 94542

The Mirror Advanced Reactor Study (MARS) addresses a commercial tandem
mirror reactor. The reactor is a linear magnetic fusion device with an
axicell configuration. MARS utilizes electro-static plug to confine a
steady-state fusion plasma in the solenoidal central cell. Two main
objectives of MARS are to design an attractive fusion reactor producing
electricity and synfuels in a 10th of a kind commerical device and to
identify key development and technology needs for the commercial tandem
mirror reactor and its forerunners. The reactor produces 1750 MWe for a
central cell length of 150 meters.

Each endcell requires a number of heating systems to produce the necessary
potential, pressure and density profiles, thus ensuring stability, con-
finement and overall desirable operating characteristics. Three distinct
regions make up the endcell: transition, anchor and plug. The heating
systems have a large impact on both the capital cost and the recirculating
power requirements of the reactor. They presently include: (1) and (2) a
high energy neutral beam system and an electron cyclotron resonance heat-
ing (ECRH) system in the plug to maintain the potential barrier which is
a positive, potential peak to confine central cell ions, (3)another ECRH
system to maintain a mirror trapped electron distribution in the thermal
barrier which is a potential depression to isolate central cell electrons
from those in the potential barrier, (4) and (5) an ion cyclotron reson-
ance heating (ICRH) system and a modest neutral beam system in the anchor
to provide a hot plasma for pressure weighting of the geodesic curvature
which ensures stability. The basic characteristics of each of these
systems are presented as well as their integration in the endcell geometry.

The sloshing ion neutral beam systems in the plugs must deliver a total
of 19A at 475kV and are oriented 90° with respect to the plasma axis. The
low efficiency of a positive ion system at this energy and the low current
requirement has lead to the selection of a negative ion system. The base-
line includes LBL self-extraction sources, whose cesiated surfaces convert
positive ions formed by an rf plasma generator, into negative ions. Mul-
tiple sources in each beamline form ribbon beams for the accelerator. The
source ions are pre-accelerated to 80kV by a standard DC multiple grid set
before being injected into a four stage transverse field focusing (TFF)
accelerator and TFF transport system. The TFF system consists of properly
shaped and oriented grids such that the ribbon beam is guided through
rippled or curved channels in neutron shielding material to decrease neu-
tron streaming. A folded resonator laser photodetachment neutralizer
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provides >90% neutralization efficiency.

The two ECRH systems deliver 80.6MW at the 48-113GHz range and 6.6MW in
the 35-84GHz range. Theoretical studies must be performed to determine
the frequencies for optimum wave penetration and absorption; a beta effect
and the relativistic shift could force a decrease in the injected frequen-
cies from the vaccum values which are denoted by the upper value of each
range. An extensive trade study analysis was performed to determine the
most efficient economical ECRH system within the technology development
constraints of MARS. The basic system consists of a single high power HVDC
convertor power supply, MW gyrotrons with depressed collectors, and quasi-
optical launchers and transmission systems. The power supply has its tech-
nology base in the power grid's HVDC transmission systems; the quasi-optical
launcher is a dual-mode conical horn/paraboloidal reflector.

There are a number of physics constraints that combine to require a hot
plasma in the anchor magnetic well, and also demand that the high pressure
region be produced by the injection of a hydrogen neutral beam at ^5kV
which is selectively heated by ICRH. Both systems are relatively low power.

The ICRH system delivers -v9.5MW at either 55MHz or 110MHz. Calculations
will determine whether the heating rate at the second harmonic of H is
adequate for confinement constraints, or whether fundamental heating is
mandated. Second harmonic heating of H offers several advantages: 1) the
heating of H would be more selective than at the fundamental since the
second harmonic of H concides with the 4th harmonic of D, and 2) the high-
er frequency would open the option of waveguide launching. The fundamental
system would have to utilize an antenna launcher. The remainder of the
ICRH system is independent of the launcher, i.e., conventional coaxial
transmission system with multi-stub tuning and a multi-stage amplifier
chain with associated power supplies and equipment.

Each of two positive neutral beamlines provide 21A at 4.75kV. Although not
simple, the design and operation of a steady-state source for a system with
these characteristics is considered existing technology. Accelerator issues
with respect to extraction efficiency and beam divergence at the low energy
are being addressed. The neutralization efficiency is very high, >91%, so
that a beam dump is adequate for the collection of the unneutralized por-
tion of the beam.

The five heating systems must be integrated with all the other endcell
systems. The endcell configuration and layout are presented. The total
heating power delivered to the plasma is 106 MW, and the heating system re-
circulating power requirement is 170 MW.

*TRW work supported by Lawrence Livermore National Laboratory contract No.
5299101, University of Wisconsin and Livermore work funded by the U.S.
Department of Energy.
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ENGINEERING DESIGN OF THE QUASI-OPTICAL
ECRH INJECTION SYSTEM FOR THE MIRROR

ADVANCED REACTOR (MARS)*

L. John Perkins
Fusion Engineering Program
Nuclear Engineering Dept.
University of Wisconsin
Madison, WI 53706

Steven A. Freije
TRW Energy Development Group
One Space Park
Redondo Baach, CA 90278

A complete high-power steady-state ECRH injection system has been
designed for the MARS tandem mirror reactor and is presently being
optimized for overall economic performance. The system consists of a
Graetz bridge AC-DC 90 MW power supply, 1 MW gyrotrons with depressed
collector operation and a novel quasi-optical launching system for the
combination and transmission of the ECRH power from the individual
gyrotrons to the plasma.

The Mirror Advanced Reactor Study (MARS) is a major two year conceptual
design study of a commercial tandem mirror reactor. It is currently
being conducted by Lawrence Livermore National Laboratory in conjunction
with the University of Wisconsin and TRW as the prime industrial
contractor. Electron cyclotron resonance heating (ECRH) is an essential
requirement in WARS for the maintenance of the potential peaks and
thermal barriers in each of the end plug yin-yangs of the device. In the
current baseline design, 53 MW of ECRH power at 64 GHz produces a
collisionless mirror-trapped hot electron population at the minimum-B
point (2.3 Tesla) and is required for the formation of the thermal
barriers. Similarly, a further 2 MW of ECRH power at 96 GHz contributes
to the maintenance of the confining electrostatic potential peaks at the
3.A Tesla point. ECRH systems on current and projected near-term
experimental devices exhibit powers of only ~ 80-200 kW at 28, 35 or 50
GHz and, furthermore, are not steady state. These systems typically
comprise charged capacitative pulsed power supplies, gyrotron units of up

2NO. MRABOLIC"
MIRROR Fig.l SCHEMATIC OF THE MARS ECRH

QUASI-OPTICAL LAUNCHING SYSTEM
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to only 200 kW and metallic waveguide transmission systems. However,
such systems become inefficient, expensive and impracticable when scaled
to the reactor requirements of MARS which call for CW-mode ECRH power in
th:? -range 50-60 MW. Accordingly, a complete steady-state 55 MW ECRH
injection system has been configured for this reactor.

Fig. 1 shows schematically one of the 64 GHz quasi-optical launchers for
MARS. The ECRH field is launched in a beam-mode (rather than the wave-
mode of conventional metallic waveguides) by an array of dual-mode horns
fed by gyrotron sources after appropriate mode conversion. Propagation
proceeds via the lowest loss TEM mode with a radial Gaussian
distribution of the electric field. The beam-mode is transported to the
plasma via a phased array of hyperbolic and parabolic mirrors arranged in
an offset Cassegrain configuration.

The quasi-optical launching system offers several distinct advantages
over the more conventional overmoded waveguide systems and affords a low
loss (~ 11%) combination of gyrotron sources to multi-MW levels with
minimal space requirements. In particular, since the ECRH propagates in
a Gaussian beam-mode rather than a wave-mode, power density constraints
are alleviated and the system can be operated in vacuum without the need
for ceramic windows.

The 1 MW gyrotron with depressed collector was selected as the base-case
microwave source for this system and has specified operating
characteristics of 150 kV at 8.5 A, a collector voltage of -40 kV and an
estimated net efficiency of ~ 80%. A Graetz bridge AC-DC convertor
supplies ~ 600 A DC at 150 kV to the gyrotron cathodes and was chosen on
the grounds of both economics and reliability. The launcher in Fig. 1
contains a total of 17 gyrotrons including two for reducing purposes and
has a design power of 13.25 MW. Two such launchers are, therefore,
required at each and of the machine giving a total ECRH injected power of
53 MW at 64 GHz. Some characteristic dimensions of this launcher are a
total length of ~ 20 m with hyperbolic and parabolic mirror diameters of
0.38 and 0.54 m, respectively.

In conclusion, the quasi-optical system provides a very attractive method
of launching ECRH into the Mirror Advanced Reactor and avoids many of the
problems of conventional metallic waveguide systems. In addition, a
comparative trade study of the capital cost and recirculating power
requirements for a number of ECRH configurations for MARS has concluded
that, given the current and projected development programs, the Graetz
bridge power supply together with the 1 MW gyrotron with depressed
collector will provide a near optimum system in terms of economics,
reliability and performance.

^•"Mirror Advanced Reactor Study (MARS) Interim Design Report",
UCRL-53333, Lawrence Livermore National Laboratory (1982).

•Funding for this work was provided by the U.S. Department of Energy.
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DESIGN OF CENTRAL CELL NEUTRAL BEAMLINES FOH TDF

J. Vetrovec, A. Cole, H. Boehmer
Energy Development Group, TRW, Inc., Redondo Beach, CA

The proposed Technology Development Facility (TDF) is a large DT fuel burn-
ing mirror machine providing a strong neutron source (l.SMW/m^) for com-
ponent and system evaluation. The TDF concept uses powerful neutral beam
systems to heat and fuel the Central Cell plasma. This paper describes the
overall design rationale and its evolution into a specific beamline design.

The design encompassed the selection of an optimum neutral beam system
configuration that includes shine through dumps and is capable of providing
52MW of power into the plasma. The design of TDF Central Cell neutral beam
injectors is based upon state-of-the-art beamline components but each one
is carefully selected for their capability to operate in a CW mode, to
survive the hostile radiation environment and to provide easy access for
servicing and maintenance. One of the major problems, the direction and
magnitude of the local magnetic field, required a special solution which
evolved into a novel design based upon superconducting shells.
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DOUBLET-III NEUTRAL BEAM INJECTOR SYSTEM: PERFORMANCE VERSUS DESIGN*

J. Kim and A. P. Colleralne, GA Technologies, Inc.

The Doublet-Ill neutral beam heating program Is based on three, near-
perpendicular, co-injection beamlines, each employing two 80 kV/80 A
Lavrence Berkeley Laboratory (LBL) sources. The design was a collabora-
tive effort of GA Technologies, Inc., LBL and TRW. Currently two beam-
lines are routinely operating at 70-75 keV levels with injected powers up
to 5 MW for high-3 experiments in nor»-circular plasmas, and the third
beamline is ready to be installed oi the tokamak.

A number of problems, howeveri had *"o be solved before both beamlines
became routinely operational. In this paper, we present not only the
performance results of the neutral beam injection system (NBIS), but also
the problems encountered and the deviations from the design expectations.
The discussion of credibility question of any NBIS design has not been
seriously treated before, although it is certainly deemed as a necessary
step for furthering NBIS technology.

The Doublet III NBIS employed several unique features including the cryo-
panels, the reflection magnet, magnetic shieldings, and extensive baffles
for differential pumping. In general, all these features worked very
well. However, a few short-comings in performance have been observed,
such as inferior beam power transmission efficiencies (about 85% of the
design expectation), some under-designed power supply hardwares, some
electric logic circuits subject to the noises, and ion sources exhibiting
reduced beam perveances. Detail discussions of all the subsystem per-
formances, corrective measures, and unique idiosyncracies are presented.

*Work supported by U. S. Department of Energy Contract DE-AT03-76ET51011.
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ENGINEERING ASPECTS OF LOWER HYBRID MICROWAVE INJECTION
INTO THE ALCATOR C TOKAMAK*

J. J. Schuss, M. Porkolab, S. Barilovits*, M. Besen, C. Bredin, G. Chihoski,
D. Griffin, H. Israel™, N. Pierce, D. Reiser, K. Rice

Plasma Fusion Center
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

We describe a 1 MW lower hybrid rf system operating at 4.6 GHz that is
being used for heating and rf current drive studies in the Alcator C toka-
nak. This system is one of four quadrants being installed on Alcator C
with a total rf power capability of 4 MW. It consists of four 250 kW rf
power output klystrons, each of which has its beam voltage individually
regulated by a separate modulator tetrode tube and circuit. The four
klystrons are driven by a single 4.6 GHz oscillator source, which also
provides phase-locked 4.601 GHz and 1 MHz output signals for phase measure-
ment. The 3 mW oscillator output power is amplified by a travelling wave
tube amplifier and split four ways. Each arm of the splitter provides
approximately 0.7W drive to a klystron and has both mechanical and electro-
nic phase shifters for individual phase control of its corresponding kly-
stron. The output of each klystron is then passed through a low pass
filter and a circulator, after which it is split to power the four wave-
guides of a column of the 16 waveguide array. (Each column is oriented
perpendicular to the toroidal magnetic field.) There is an approximately
25% rf power loss in the waveguide run and components between the klystron
output window and the plasma, including a 9% loss in the stainless steel
waveguide array. However, this latter loss could be reduced by a factor
of 6.5 by silver plating the waveguide interior. Each of the array's 16
individual stainless steel waveguides (inner dimensions of 0.8 cm x 5.75
cm) has a BeO ceramic vacuum window brazed in place 10-12 cm from the
waveguide's mouth1. This array would be expected to launch an n^ spectrum
(n(| = kn c/u, kn= k • B/|l|) peaked at 3 when the columns are phased
0, ir, 0, T:, and an ri;| spectrum extending from 1 to 2.5 when phased
0, ii/2, it, 3it/2. Using this system up to 650 kW of net rf power has
been injected into the tokamak plasma, corresponding to a record rf power
density of 9 kW/cm2 at the waveguide array nouth. Approximately 50 -
100 hours of rf conditioning of the array in vacuum was necessary in order
to achieve this rf power throughput.

The rf system provides for both fault protection and for analysis and ar-
chival of rf data. The forward and reflected rf power is monitored on
each waveguide along with the forward rf phase. The instrumentation pro-
duces an amplified crystal detector output voltage approximately proportion-
al to rf power and a 0-4V voltage proportional to each forward phase.
These signals are monitored by a CAMAC data module during each plasma shot
and then passed to a PDP 11/34 computer over fiber optic data links for
analysis. The resulting processed data is displayed between plasma shots
and archived to an RP06 disk. The forward and reflected powers in each
waveguide are also compared electronically; if the power reflectivity
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exceeds ~ 50% the total rf power is shut down in At < 5 usec. This fault
system has been successful in preventing damage to the array from micro-
wave arcing. In addition, the rf pulse is terminated upon detection of a
visible arc at the klystron window, a high VSWR at the klystron output, or
a high klystron body current.

During plasma experiments it was found that good waveguide-plasma coup-
ling (reflectivity R < 10X), which is required for high rf power density
throughput, is obtained when the plasma density at the waveguide mouth is
10-50 x n e c , where nfic « 2.6 x lO^cm""

3 and corresponds to w - u_e.
This is in qualitative agreement with waveguide-plasma coupling calcula-
tions. In order to maintain this density at the waveguide mouth, the
radial position of the array and sometimes the in-out plasma position are
varied. During rf current drive operations, it is helpful to slowly
turn on the-rf (it ~ 30 msec) in order to maintain this edge density
during the rf pulse for proper waveguide-plasma matching. During experi-
ments with a smaller 4 waveguide array, it was also found that waveguide
arcing would occur at rf power densities < 1 kW/cn^ unless the electron
cyclotron layer in the array was pressurized with nitrogen.

Rf injection into Alcator C at the 0.5 MW level has shown rf current drive
at line averaged plasma densities ne up to 5 x 10

13cm~3. Up to 200 kA
of toroidal plasma current has been maintained by the rf power alone
with zero loop voltage; at B T * 10T (here R « 64 era) it was found that
n (1011* cm"3) I-(A)/ Prf(A) «• .19 during current drive. At higher plasma
densities (ne ~

 Pl x 10 1 4 cm"3) approximately a 300 eV electron and 100 eV
ion temperature rise was obtained due to a transition to electron heating.
These experimental results have been discussed elsewhere2'3.

A second MW rf quadrant is now being started up into the Alcator C plasma
which should double the presently available rf power. A total of 4 MW of
rf power is scheduled to be available for rf current drive and heating
experiments by the fall of 1983.

*Work supported by U. S. Department of Energy Contract Ho.
DE-AC02-78ET51013.

JThe window array was fabricated by Mr. P. Spallas of Varian Associates,
Inc., Palo Alto, California.

2M. Porkolab, J.J. Schuss, Y. Takase, et al., 9th International Conference
on Plasma Physics and Controlled Nuclear Fusion, Baltimore, MD, Sept.
1982, paper C-4.

3J. Schuss, Bull. Am. Fhys. S o c , 2J_, 962 (1982).

'Now at Johns Hopkins University,
t^ at Raytheon Corporation.
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AN EFFICIENT, RADIATION-HARDENED, 800-keV NEUTRAL BEAM INJECTION SYSTEM

0. A. Anderson, W. S. Cooper, D. A. Goldberg, L. Ruby, L. Soroka,
Lawrence Berkeley Laboratory, University of California, Berkeley, CA
94720, and J. H. Fink*, Lawrence Livermore National Laboratory,
University of California, Livermore, CA 94550

Tokamak reactors will operate essentially steady-state, and will require
some means of sustaining the circulating current that provides plasma
confinement. In principle, this current can be driven by RF Waves or by
neutral beams injected tangentially into the plasma. We have recently
studied the feasibility of developing a suitable 800 keV negative-ion-
based neutral injection system; the proposed application is for current
drive and heating of the FED-A Tokamak.*• Recent advances and new con-
cepts in negative ion generation, transport, acceleration, and neutrali-
zation make it appear likely that an efficient, radiation-hardened neu-
tral beam injection system could be developed in time for this proposed
application. These new developments include the operation of steady-
state H~ ion sources at over 5 A per meter of source length2, the
concept of using strong-focussing electrostatic structures for low-grad-
ient DC acceleration of high-current sheet beams of negative ions and the
transport of these beams around corners,3»4 and the development of
powerful oxygen-iodine chemical lasers which will make possible the ef-
ficient conversion of the negative ions to neutrals using a photodetach-
ment scheme in which the ion beam passes through the laser cavity.5

A beamline capable of delivering 25 MW of 800 keV neutral deuterium atoms
to the plasma uses two banks of three negative ion sources each; each
source is 1.1 m high, and produces 5.5 A of D~ ions (this is approxi-
mately 502 higher in current per unit length than has been achieved with
existing LBL ion sources). These sheet beams are accelerated to 200 keV
by a conventional electrostatic accelerator. After acceleration to 200
keV, the beams are transported through a pumping and matching section by
an electrode system that uses electrostatic strong focussing provided by
alternating transverse electric fields3'6 (this is the TFF, or Trans-
verse Field Focussing concept). The beams are accelerated to the final
energy of 800 keV by the main TFF accelerator, which uses the same con-
cept. TFF transport sections are also used to transport the 800 keV
sheet beam, about 1.5 cm wide at this point, through multiple 90-degree
bends in a channel through the neutron shielding. These bends prevent
line-of-sight streaming of neutrons and greatly attenuate the neutron
flux. Preliminary calculations indicate that the flux of 14 MeV neutrons
through the beam duct will be attenuated by about a factor of 10^, and
that the flux of lower-energy streaming neutrons will be attenuated by a
similar factor.

After the sheet beams exit from the neutron shield, they merge and pass
through a series of laser cavities where 1.3 micron radiation from an
array of shielded oxygen-iodine chemical lasers removes one electron

*0n assignment from Negion, Inc.

549



from the negative ions and converts approximately 972 of them into neu-
tral atoms. The remaining ions are swept from the beam by an electro-
static deflector.

The beamline vacuum vessel is a double-walled chamber constructed of
low-activation 5254 aluminum alloy; the volume between the walls is
filled with water for neutron moderation and absorption. Pumping is by
cryopumps capable of on-line regeneration, of the type under development
at LLNL.7

A single such beamline would be capable of continuous injection of 25 MW
of 800 keV neutral deuterium atoms into the plasma. Because of the high
efficiency of the laser photo detachment process, and the use of narrow
laser cavities with thin sheet beams to minimize losses in the laser,
the overall power efficiency of the system is expected to be approxi-
mately 70Z.8

Ac knowledgement:
This work was supported by the Director, Office of Energy Research,
Office of Fusion Energy, Development and Technology Division of the U.S.
Department of Energy under Contract No. DE-AC03-76SF-00098.
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EXPERIMENTAL DATABASE AND DESIGN CONCEPT FOR A 1-MW, 200-keV
NEUTRAL BEAM LINE BASED ON A SITEX NEGATIVE ION SOURCE*

W. K. Dagenhart, W. L. Gardner, G. G. Kelley,
W. L. Stirling, and J. H. Whealton

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

A new negative ion source called SXTEX (Surface Ionization with Trans-
verse Extraction) has been developed and successfully tested at the
Oak Ridge National Laboratory (ORNL). Its principle operating parameters
permit it to be scaled to supply ions for a 1-MW, 200-keV neutral beam
line for long pulse and steady-state applications.

The plasma generator employs a Penning discharge generated between a
directly heated hot cathode and a cold reflecting cathode in a ̂ 1-kG
magnetic field. For the present configuration, optimum beams are
obtained with 25-A, 75-V discharges for 10 s. The negative ion gener-
ation is accomplished on a biased cesium-coated molybdenum surface
converter placed directly behind the positive plasma column. Cesium
admitted to the discharge chamber coats the temperature-controlled
surface converter to ̂ 2/3 of a monolayer for optimum H~ generation. The
cesium also forms Cs+ ions in the discharge, which bombard the H2
adsorbed on the converter, and forms H~ ions by a sputtering mechanism.
In addition, some H~ ions are formed by an H* reflection mechanism at
the converter surface. The converter shape, plasma grid shape, extraction
and acceleration grid shapes, and potentials are chosen for optimum H~
generation and for good beam optics. Negative hydrogen beams of 625 mA,
10 s, and average extraction current densities of 125 mA/cm2 have been
accelerated to 18 keV. Table I gives the present set of operating
parameters and an extrapolated set necessary for a 1-MW, 200-keV H°/D°
neutral beam line.

The SITEX source has been integrated into a 1-MW, 200-keV beam line
concept. Only beam line elements that have been proven are employed.
This conservative approach yields a practically sized and functional
beam line of a size close to that of the Princeton PLT/PDX neutral beam
lines. The source magnet provides momentum selection, yielding a very
pure, narrow energy band for the beam with all heavy element impurities
analyzed out. A standard gas cell is employed, and a standard magnet is
used to remove the positive and negative ion fractions emerging from the
gas cell. The gas cell should provide a neutral fraction of 62%. Beam
optics of ±0.4° have been calculated for this system. Electrons associ-
ated with both beam extraction from the plasma discharge and beam accel-
eration in the high voltage column are recovered at reduced energy,

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.
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providing efficient bean operation and saving beam line components from
severe electron heat loads. This beam line can incorporate such new
concepts as laser or plasma neutralizers as they are proven, but it does
not depend on them for a practical design. The low ion source discharge
pressures coupled with an extraction current density >100 mA/cm2 permit
a directly coupled acceleration system, providing a much more compact
beam line than is possible with other sources.

Table I. Present operating parameters and an extrapolated set
of parameters for a 1-MW, 20C-keV, H°/D° neutral beam line

Present
(H-)

Extrapolated
(H-/D-)

Beam voltage (kV)

Beam current (A)

Pulse length (s)

Extraction current density
(mA/cm2)

Beam divergence (°RMS)

Source pressure (mtorr)

Source power/amp H~/D" (kW/A)

Extracted electron to H~/D~ ion
ratio

Electron recovery efficiency (%)

H~/D~ beam power/input power

Beam energy width (%V .,)

Beam impurities (%)

18

0.625

9

125

<±2

4

5.2

0.2

>99

97

3

<0.001

200

13

30 to dc

200

<±0.A

3

3

0.06

>99

97

3

<0.001
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FREE ELECTRON MASER FOR ECRH

D. Arnush, H. Boehmer, M. Z. Capon!, and C. C. Shih

Energy Development Group, TRW, Inc.
Redondo Beach, CA 90278

The conceptual design of a Free Electron Maser (FEM) Is discussed that can
be used as a high power (1-10 MW) high frequency (50-500 GHZ), and high
efficiency (>50%) microwave power source for ECRH.

It is apparent from a review of supplemental heating systems for fusion
devices that electron cyclotron resonance heating (ECRH) could have a key
role in a Fusion Engineering Device (FED) as well as in advanced mirror
machines and EBT(P). It also has potential for current drive and disrup-
tion control. The economics of ECRH, however, show that it is presently
the most expensive in terms of $/W versus ion cyclotron heating or lower
hybrid heating. Part of the reason for the relatively high cost of ECRH
is the cost of the millimeter wave generating device. It is our contention
that the FEM could decrease significantly the cost of ECRH and could expand
the usable parameter range to higher frequencies.

In a Free Electron Laser (FEL) or Free Electron Maser (FEM) device, a rela-
tivist ic electron beam interacts with an external electromagnetic or mag-
net ost at ic source or "pump" to transform the electron beam kinetic energy
into tunable coherent electromagnetic radiation. An external rippled mag-
netic field (zero frequency pump) can be used as a "pump". In that case,
the output wavelength X is related to the wavelength Xw of the rippled mag-
netic field structure, also called the wiggler, by the relationship

; I 2 1
X - X (c/v. )/ Y^ (1 - v. /c)

' L || J
where

1-1/2

Yll - U - (vb/c)
2]

and v-fr is the axial beam velocity. Hence, the FEL/M can be tuned by vary-
ing the electron beam mean parallel kinetic energy. Because of the high
beam voltages, the FEL/M is inherently a high power device.

The advantage of the FEM as a source for ECRH in fusion plasmas can be
listed as follows:

1. High output power in a single device: Since no mode and
frequency defining cavities are necessary, wall loading
problems are greatly reduced.
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2. High gain: the FEM can operate either as a superradiator or
wide band amplifier which means that the high intracavity
power levels necessary for an oscillator can be avoided.

3. Tunability with beam voltage: fusion reactor startup
requires a frequency chirp (>20Z) while the plasma 6 is
increased from zero to its final value. Different resonance
layers can be successively addressed for plasma mode control.
One spare source can be used to replace sources for different
frequencies.

4. Quasioptical microwave beam transport and plasma coupling:
depending on the wavelength, the FEM interaction can take
place either in a waveguide with, for example, a TEn mode
in a circular guide, or with a diffraction limited Gaussian
mode.

5. Low cost power supplies: using charge and beam energy
v recovery, power supply requirements are greatly reduced.

6. Scalability to shorter wavelength: shorter wavelengths
can be achieved by simply scaling the beam voltage.
Although gain and efficiency will be somewhat reduced,
free space wave propagation will reduce wall loading.

In order to adapt the FEM concept to ECRH in fusion reactors, TRW has de-
veloped a configuration that is based on two key ideas. First, the use
of a high quality (low energy spread Ay/y, and low emittance e) electron
beam of moderate current (<100A) together with a large amplitude magnetic
wiggler. FEM operation is then in the "Strong Pump" regime which is char-
acterized by high single pass gain and moderate efficiency. Second, since
the pencil-like "spent" beam still has a relatively low energy spread, a
highly efficient current and energy recovery system can be used. This
scheme permits the use of a low current and hence low cost high voltage
power supply.
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DEVELOPMENT OF A REACTOR RELEVANT
ICRH LAUNCHING STRUCTURE

J. W. Davis and C. A. Trachsel
McDonnell Douglas Astronautics Company - St. Louis

Fusion reactor designs that are based on the D-T fuel cycle will require
plasmas which will operate at temperatures as high as 10 keV
(100,000,OOOK). To achieve these temperatures will require the use of
supplemental heating such as neutral beams or R.F. This paper examines
the design and material selection requirements for a reactor relevant RF
system. In this study we selected the ICRH concept primarily because of
the successful heating results both at Princeton and ORNL. The ICRH
system consists of a transmitter, transmission line, tuning network, and
launching structure. The transmitter is essentially a wave generator and
is responsible for generating the RF signal at the required power level
and frequency and to maintain this signal through the start-up phase of
the reactor duty cycle. The RF signal is then transported through a
transmission line, which for ICRH can be a coaxial cable to the tuning
materials which is responsible for adjusting the system impedence to
optimize the power delivered to the plasma. Delivery is accomplished by
a loop antenna or a wave-guide which is located at the first wall. It is
in the launcher of the ICRH system where the greatest challenges in design
and material selection can be found. This is because the launcher is
called upon to continuously transmit the required energy while being
subjected to the full brunt of the plasma radiation. A problem common to
both the loop antenna and wave-guide launchers is the design of the
Faraday shield which is needed to keep the ionizing radiation and neutral
gas away from the antenna or wave-guide. An additional constraint on the
Faraday shield is that it must either be fabricated from a low "Z"
material or be coated with a low Z material in order to minimize plasma
contamination. The Faraday shield must be a conductor which is illumin-
ated by the launcher wave energy. The wave-guide walls or loop antenna
should also have a high electrical conductivity to minimize power loss
due to heating. In addition the material used in the conductor needs to
be resistant to radiation damage particularly with respect to swelling
which can cause distortion of the conductor and degrade its performance.
The third area of concern is the electrical insulator which is used to
electrically isolate the conductor from the blanket/shield structure or
wave-guide. The primary properties of interest are: 1) a low dielectric
loss tangent which if sufficiently degraded by irradiation can result in
arcing, and 2) adequate strength to maintain physical integrity partic-
ularly under electromagnetic and thermal loading.

Reactor relevant designs are being developed and will be presented.
These designs are useful in providing guidance in the development of near
term ICRH experiments. In general, the large access areas afforded in
commercial reactors makes the problem wave-guide design less severe than
for a near term experimental machine. For example, the access area for
TFTR in which a wave-guide can fit will be 74 x 89 cm whereas in a
commercial reactor the opening can be as large as 4 x 4 meters. However,
some of the benefit of increased duct sizes is offset by increased
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neutron streaming and shielding requirements. The injected power for a
commercial machine is roughly 10 times larger than anticipated near term
experiments such as TFTR. The reactor relevant designs developed in
this study are based on 50 MW of 75 MHz energy transmitted to the plasma.
Comparison of these designs were made with regard to their effectiveness
in limiting the neutral gas transmission, arcing potential, transmission
power loss, and component lifetimes. Preliminary results indicate that
1) gas transmission can be reduced significantly provided vacuum pumping
is included behind the Faraday shield; 2) transmission power losses to
the Faraday shield are small even when high resistance materials such &s
stainless steel are used; and 3) helium coolants can be used for designs
utilizing a liquid metal coolant.
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MICROWAVE TRANSPORT IN EBT DISTRIBUTION MANIFOLDS
USING MONTE CARLO RAY TRACING TECHNIQUES*

R. A. Lillie, T. L. White, T. A. Gabriel and R. G. Alsmiller, Jr.
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

Plasma heating in the Elmo Bumpy Torus1 is accomplished through
the injection of microwave power into each of its twenty-four
microwave cavities. For optimal performance, the microwave dis-
tribution system must provide uniform microwave heating together
with minimum power loss. A critical component in the distribu-
tion system is the microwave manifold which splits the microwave
power source many times and feeds the power to the plasma. Micro-
wave manifolds consist of an input feed port, a scattering wedge,
and a number of output ports or coupling irises which feed power
to e?ch torus cavity. The design of the scattering wedge and
the sizing of the coupling irises are crucial since these quan-
tities dictate both power loss and injected power uniformity.
In this paper, Monte Carlo ray tracing techniques which can simu-
late microwave transport in EBT microwave manifolds will be
described, and the results of calculations performed to aid in
the upgrading of the existing EBT-S manifold and the design of
the proposed EBT-P manifold will be presented.

The need for a Monte Carlo type procedure to analyze microwave
manifolds arises because of their complex shapes. The EBT-S
manifold is a torus having a major radius of 1.02 m and a minor
radius of 0.102 m. Twenty-four coupling links exit uniformly
from the top of the manifold at an angle of 45° relative to the
plane of the torus. The coupling iris or opening within each
link has a maximum dia. of 0.15 m. Six feed ports having a dia.
of 0.13 m and entering vertically are positioned uniformly
around the top of the manifold. The nroposed EBT-P manifold
consists of six sections. Each section is comprised of two
0.102 m I.D. cylindrical pipes intersecting at an angle of 30°.
A 0.06 m dia. horizontal feed port is located at these inter-
sections and six 0.06 m dia. horizontal coupling links exit
each section. Because of alignment considerations with regard
to the EBT-P cavities, the coupling links exiting each section
are not uniformly spaced nor do they exit at the same angle
relative to the manifold centerline.

The applicability of Monte Carlo ray tracing techniques requires
that the characteristic dimensions of the microwave manifold
be much larger than the microwave wavelengths. Both the EBT-S
and EBT-P manifolds satisfy this criteria. Under this condi-
tion, the interaction of the microwaves with the manifold sur-
faces can be treated as plane waves reflecting off plane sur-
faces and ray tracing techniques can provide an acceptable
representation of these phenomena.2

The ray tracing calculations performed for the EBT-S and EBT-P
microwave manifolds were carried out using a modified version
of the MORSE Monte Carlo code.3 The microwave manifolds were
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modeled in detail using the MORSE combinatorial geometry
package. The procedure employed in the calculations con-
sisted of monitoring the reflected power of each microwave
after a surface reflection. This was accomplished by
properly accounting for the polarization of the microwaves
as described in Ref. 4.

In all of the Monte Carlo calculations, the microwave source
was placed at an input feed port. For each configuration
analyzed, e.g., various iris opening sizes, input feed port
sizes, scattering wedge angles, and corrogated or flat
scattering wedge surfaces, four different microwave source
treatments were employed. The four treatments consisted of
representing the microwave source using an isotropic point
source and a normal disk source and considering simultaneously
perpendicular or parallel polarized incoming microwaves. All
four treatments were required since an accurate description
of the microwave source is not known. However, the results
of these calculations indicate that the polarization of the
input microwaves has very little if any effect on both the
power losses within the manifold or the distribucion of
power out the coupling irises. Differences in these quanti-
ties do arise when the scattering wedga angle or surface
shape is varied with the normal source because of focusing
off the wedge surface.

Comparisons between the calculated and measured output power
distributions for the EBT-S manifold for a number of different
configurations indicate that reasonable results can be ob-
tained using Monte Carlo ray tracing techniques. These com-
parisons together with calculated results for the proposed
EBT-P microwave manifold will be presented and discussed.
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THE DESIGN METHOD FOR A CONTROL PROCESS FOR MULTIPLE SOURCE ELECTRON
CYCLOTRON RESONANCE HEATING FOR THE ELMO BUMPY TORUS - PROOF OF PRINCIPLE
DEVICE Tom L. Weaver McDonnell Douglas Astronautics Company The baseline
EBT-P has two plasma heating systems, one to heat electrons and one to heat
ions. The Electron Cyclotron Resonance Heating system (ECRH) pressnts the
most interesting control problem. It required a double, top-down analysis;
one of the physical system to be controlled and one of the control process.
Here is presented the method used to develop the control process for the
60 GHz ECRH system of EBT-P.

The design of any control system consists of two parts; the design of what
the system will be and the design of how it will work. The latter design
is the subject of this paper, but the former must be summarized because the
two parts of the design process must develop together and supply informa-
tion to each other.

For EBT-P the design was carried out in the following way. During the Pre-
liminary Design phase a study was made of what the ECRH system consists of
and what it is supposed to do. That study found that the 60 GHz ECRH sys-
tem for EBT-P consists of six gyrotrons which must be controlled simultane-
ously. The output state and the physical integrity of each gyrotron J.S
very sensitive to the input conditions. It was seen that the most cost
effective method for carefully controlling the ECRH system is to use the
most recent generation of industrial programmable Process Controllers
(P.C.).

In the Detailed Design phase, and with the control hardware decided upon,
the development of control algorithms was started. The algorithm develop-
ment was begun by first establishing what was known and what the end pro-
ducts were to be.

The following were the initial known facts for the ECRH system.

1. It consists of multiple identical units.

2. The units must be operated in concert.

3. Each unit has hundreds of control and monitor points.

4. Each unit is very sensitive to some of its control points; less
sensitive to others.

5. The physical structure of each unit is subject to change.

The required end product is a set of process instructions which can be en-
tered into the P.C. However, there are two forms in which the P.C. can use
instructions. The first form is a logical expression for each item (e.g.
valve, contactor) in ECRH. The second form consists of state tables defin-
ing the condition of each ECRH item at a set of well defined times.

The logical expression method had a number of drawbacks, including:

1. A large number of expressions would be needed.
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2. The expressions could be large and complicated.

3. Changes to the system would require rewriting the directly
affected expressions and making smaller changes to most of the
rest of the expressions.

4. To develop the expressions would require a substantial analysis.

The state table method has corresponding advantages.

1. A table would be needed only for each unique, stable state of the
system.

2. The tables will be large, but simple, being little more than
lists of ECRH items and their states.

3. Changes to the system would only require deleting old lines from
the tables and adding new lines. Parts of the tables not con-
taining items altered by the change will not be affected.

4. An orderly, top-down method for developing such tables was
clearly apparent.

The state table was selected as the desired end product. It, and the five
starting point facts, particularly numbers 3 and 5, led directly to a top-
down design method. The top-down method selected has two parts, a physi-
cal analysis and a process analysis.

In the physical analysis, the ECRH system was analyzed from its most
general to its most specific structure. That resulted in a list of the
signals in and out of the ECRH system and gave information about how the
signals were physically grouped. That makes it possible to see what sig-
nals 2xist and how they are grouped into sets which may be controlled as a
group. It also makes for a modular analysis to which making changes is a
simple procedure.

In the process analysis, ECRH operation was analyzed from its most general
to its most specific form. That resulted in a set of stable states and a
state table for each. It also gives the normal sequence of states, the
grouping of states into higher order processes and makes it possible to
determine the necessary system response to specific faults.

This double top-down analysis method provided the information necessary to
develop the three different parts of the ECRH control process.

The analysis provided the information needed to program the F.C. for nor-
mal ECRH operation and for fault detection and correction. It profided the
information needed to develop the CRT displays for the ECRH operators. It
provided the information needed to develop-the secondary control consoles
for ECRH.

Work performed under Subcontract 22X-21099C to Union Carbide Corporation -
Nuclear Division, for the U. S. DOE.
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DESIGN FOR THE NATIONAL RF TEST FACILITY AT ORNL*

W. L. Gardner, D. J. Hoffman, V. R. Becraft, G. A. Byington,
C. W. Blue, S. K. Combs, W. K. Dagenhart, H. H. Haselton,
G. G. Kelley, J. A. Moeller, P. M. Ryan, and W. L. Stirling

The conceptual and preliminary engineering design for the National rf
Test Facility at ORNL has been completed. The purpose of this facility
will be to provide a unique and flexible environment for the development
and testing of the high-power rf components and systems needed to heat
large confinement devices such as TFTR. The facility will be comprised
of a single mirror configuration embodying two superconducting develop-
ment coils from the EBT-P program on either side of a cavity designed
for full-scale antenna testing. This configuration is depicted sche-
matically in the accompanying figure.

The coils are capable of generating a 4.4-T field at the axial midpoint
of each coil, and a 1.2-T field at the axial midpoint between the coils
separated by 100 cm. The vacuum vessel will consist of a large central
cavity connected through each coil to an end cell containing a particle
dump and pumping port. The central cavity will be a stainless steel,
water-cooled structure with an 85-cm radius. Numerous ports will be
available for diagnostic access. Adequate cooling will be provided to
handle an average wall heat flux of 10-15 W/cm2, with additional cooling
incorporated in the end cell particle dumps. Total cooling capability
for the vacuum structure will be ̂ 2.5 MW. Initially, vacuum pumping
will be provided by two 3000 1/sec turbopumps. Should it become nec-
essary, cryopumping of the order of 100 kl/sec can be made available.

A wide range of rf sources will be available to the experimenter.
Initially all sources are to be cw and will include a 100-kW source
tunable from 2 to 30 MHz, a 50-kW source tunable from 175 to 215 MHz,
a 600 kW source at 80 MHz, and a 100 kW source at 28 GHz.

To provide the wide range of plasma environments likely to be encountered
in large confinement devices several plasma sources are being consid-
ered. Of these, designs now exist for a pulsed washer gun, and a dc arc
structure. Furthermore, a conceptual design exists for the incorporation
of the 28 GHz source into an electron resonance breakdown configuration.
With these plasma sources densities ranging from 1011 to 1013 #/cm3 at
temperatures of *20 eV will be available for rf component testing.

Research sponsored by the Office cf Fu. '.on E.'.argy U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.
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In 8unmary, the integration of the above design features into an rf
component and systen development facility will provide unique and
critical support to the physics of high-power rf heating.

SUPERCONDUCTING
MAGNETIC COILS

TURBO
PUMPS
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ANALYSIS OF DRIFT DUCTS FOR TDF NEUTRAL BEAM INJECTORS

J. Vetrovec
Energy Development Group, TRW Inc., Redondo Beach, CA

Neutral beams are injected into fusion devices through narrow transition ducts
that are permeated by strong magnetic fields. As a result, some of the beam
particles undergo reionizing collisions with thermal gas molecules within the
duct and are deflected by the magnetic field onto duct wall. This phenomena
in conjunction with other related effects has been responsible for significant
reduction in the ammount of beam power reaching the plasma. This paper descri-
bes the development of a self-consistent model of beam transport through the
duct that was extensively used in the design of TDF neutral beam injector system.

The main requirement governing the drift duct design was the need to inject very
high power levels (up to 16 MW per duct) without compromising the neutron shield-
ing protecting the superconductive coils of the TDF device. Preliminary neutron
analysis indicated a need for long and narrow ducts penetrating the shield. An
additional complication was caused by a gas source due to shine through neutral
beam dumps. This posed an interesting problem of optimizing the duct shape and
size to avoid intolerable beam loss. Monte Carlo technique often used to study
the beam transport was identified as extremely inflexible for iterative design
process where a quick analysis of many different configurations is essential.
This situation prompted a development of accurate model which would be easily
adaptible to a variety of drift duct geometries.

The model was based on particle balance equations which incorporated all of the
known phenomena related to beam attenuation in drift ducts. These included the
so-called Culham effect, the PLT effect, direct illumination of the duct by the
beam, intake of beam dump generated gas and desorption of wall impurities.
A few of these phenomena have been treated separately by other authors (1),{2),
(3). Using this model it was possible to derive an integro-differential equa-
tion which was solved by numerical methods and yielded a gas pressure distribu-
tion along the duct. For each configuration the final output was a plot of the
variation in beam transmission factor with duct conductance obtained by varying
the duct cross-section. Optimum duct design yielded a stable high value of beam
transmission at least conductance, i.e., compromising the least ammount of shiel-
ding. Typical example is shown below.
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This Model can be easily adapted to study other neutral bean injector con-
figurations.
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COMPUTATIONAL SIMULATION OF SPHEROMAK PLASMA HEATING

R. E. Olson and G. H. Miley
Fusion Studies Laboratory
University of Illinois
103 S. Goodwin Avenue

Urbana, Illinois 61801

Recent conceptual design studies in the U.S. and Japan underline the
inherent attractive features of compact tori (e.g., spheromak, field-reversed
mirror, field-reversed theta pinch) reactor systems. At the same time,
considerable progress -has been made in experimental demonstrations of the
formation and gross stability of compact tori (especially spheromak) plasmas.
Ona of the general assumptions involved in the conceptual reactor studies has
been that a compact toroid can achieve thermonuclear-level temperatures without
the use of auxiliary heating methods. In the laboratory, however, the plasmas
are actually still quite cold. The purpose of the present work is to help fill
this "gap" in the technology and to address some of the important questions
connected with the heating of a spheromak plasma.

Our basic approach in the Study has been to develop and utilize a 1-1/2
dimensional computational model'*' that is specialized to the case of
spheromak-type plasmas. This code (named SPTR for spheromak transport) makes
use of arbitrary aspect ratio, integral transform soTutions o7~~Grad-Shafranov
equilibrium equation to determine the 2-D spacial positioning of the poloidal
flux surfaces within the plasma separatrix. These solutions are then coupled
with a computational package that solves the 1-D ^-dependent flux surface
averaged moment equations for advancing the electron and ion temperatures and
densities with time. The moment equations are self-consistently solved via a
4x4 block tridiagonal setup and the results are utilized in a 2-D repositioning
of the poloidal flux surfaces.

From a heating standpoint, there are two features of the spheromak
equlibrium solution that are quite noticeable—first, that current densities
are ~10x greater than in a comparable tokamak equilibrium; and second, that the
lack of hardware in the center of the plasma "doughnut" makes is possible to
compress the plasma in the toroidal direction. Consequently, the computational
model has been set up in a fashion that will allow simulation of both ohmic
decay with a static applied field and/or adiabatic compression via a rapid
buildup of the applied equilibrium field.

We have begun the study with an attempt to computationally simulate two of
the small experimental plasmas presently under study (the PS-lc at Prince-
ton^) and the Beta-II at Livermore)'3)) and, particularly, to explain
the observed clamping of electron temperature and rapid decay of the poloidal
flux surfaces. Computational simulation of these experiments with a purely
classical transport model and static applied fields predicts that the plasma
should exist for times exceeding 100 s with temperatures approaching the 100
eV level—a behavior quite different from what is actually observed. To
explain this discrepancy, we have considered several models that could account
for enhanced losses. The first model, and the most likely candidate for
explaining the early PS-lc and Beta-II results, includes heavy impurity
radiation. With a modest (.5% Fe, 1.5% 0) impurity level we observe an
electron temperature that is clamped at levels below 20 eV with complete
poloidal flux surface decay occurring on a ~30ps timescale. This is in line
with actual experimental results. Plasma cleanup, of course, could remove such
barriers.
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With an eye towards future developments, we have also pursued two
additional enhanced energy loss mechanisms—soft beta limit losses and
resistive interchange transport. The soft beta limit model is set up so as to
anomalously dump energy from a flux surface region in which the increase in
pressure gradient leads to a local violation of the ideal Mercier criterion.
The resistive interchange model depicts a random walk transport across a
locally braided magnetic field.

The ability to simulate a time dependent applied equilibrium field allows
us to propose and study a combined heating scenario in which time-stepped
adiabatic heating and ohmic heating is used to overcome enhanced losses of the
type described above. Preliminary studies, for example, indicate that any of
the above three temperature clamps could be overcome in a S-l size plasma by
means of a staged adiabatic and ohmic heating scenario. In fact, our earlier
global studies of heating in a reactor-size spheromak indicated that an ohmic
heating to ~1 keV followed by an adiabatic compression could tolerate
significantly enhanced loss rates ( "l/lOO1^ Bohn) and still lead to
thermonuclear-level temperatures.

In summary, the examination of spheromak plasma heating provides a logical
bridge between the present-day experimental studies of compact torus formation
and the futuristic conceptual studies of the spheromak and moving ring
reactors. In the near term, the work helps in understanding the temperature
clamping in present-day experiments and provides some insight into how to
overcome this obstacle (i.e., impurity cleanup). In the longer term, the work
also provides some insight into other possible temperature clamping problems
(i.e., soft beta limit and resistive interchange) and allows us to propose and
study methods for overcoming them.
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DEVELOPMENT OF A LONG-PULSE (30-s) HIGH ENERGY (120-keV)
ION SOURCE FOR NEUTRAL BEAM APPLICATIONS*

C. C. Tsai, G. C. Barber, C. W. Blue, W. K. Dagenhart, W. L. Gardner,
H. H. Haselton, E. F. Marguerat, M. M. Menon, J. A. Moeller,
N. S. Ponte, P. M. Ryan, D. E. Schechter, W. L. Stirling,

J. H. Whealton, and R. E. Wright

Multimegawatt neutral beams of hydrogen isotopes are needed for
fusion machine applications such as MFTF-B, TFTR-U, DIII-U, and FED
(INTOR or ETR). For MFTF-B applications, an Oak Ridge National Labora-
tory (ORNL) duoPIGatron ion source is being developed to produce high
brightness deuterium beams at a beam energy of 80 keV for pulse lengths
up to 30 s. Other applications require beam energies 5*120 keV and pulse
lengths of many seconds. Based on the performance of various ORNL
duoPIGatron ion sources being developed, the requirements of such
applications can be fulfilled with modest effort. In this paper we will
describe and discuss some significant characteristics of 120-keV beams
and the 30-s source plasmas. The reliability and the longevity of ion
sources will also be discussed.

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.
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THERMAL-STRUCTURAL ANALYSIS AND DESIGN OF THE MARS DIRECT CONVERTER

T.E. Luzzi, S.Z. Fixler, V. Calia
Grumman Aerospace Corporation

A thermal and structural design and an analysis of tritium permeation
and holdup are presented for the grid tubes and collector plate of the
plasma direct converter (FDC) of the MARS tandem mirror reactor. The
PDC recovers the high energy of the mirror end loss plasma by direct
current collection and by thermal means. Certain design objectives
were addressed in the study, i.e., ease of maintenance, ease of
manufacturing and full recovery of the thermal power. In the case
of the collector plate, the internal channel configuration is de-
signed such that external coolant inlet and outlet piping config-
uration is as simple as possible. Two independent coolant design
concepts are presented, a liquid coolant case with low coolant outlet
temperature and a gaseous coolant cas with high coolant outlet temp-
erature.

The grid tubes were designed to facilitate the recovery of the electrical
power from the end-loss plasma and thereby improve the efficienty of the
machine. The final grid design evolved out of a study of grid cooling
methods, configuration optimization, and material suitability considera-
tions. The question of passive (radiation) versus active cooling had to
be resolved at an early state because of the considerable differences
in system complexity of the two modes of cooling. A study was conducted
to determine the feasibility of a radiation cooled grid system. Tungsten
was considered as the grid tube material because of its high temperature _
capability. It was concluded that a peak design power density of 7.6 MW/M
a radiation-cooled grid system will be less than marginal. In the next
stage of the analysis 3 water-cooled grid tube point desigs were inves-
tigated. The objective was to maximize the coolant outlet temperature
within the material constraints, in order to maximize the thermal recovery
of the direct converter. The outcome of these investigations led to the
baseline design.

The baseline grid design consists of two grid arrays with 325 tubes in
the repeller grid spaced at 20cm intervals. The repeller grid array is
located on the projection of the 81.3 Gauss surface on to the MARS Y.-Z
plane over a length of 64.94 meters. The longitudinal axes of the
individual tubes are located in the MARS X-Y plane. The entrance grid
array is located 50cm inboard of the repeller grid array. Each grid
tube is 5 meters long, one cm O.D., watercooled, and is made of AMAX-MZC
copper alloy for the baseline design.

Temperature distributions, thermal gradients and combined stresses are
presented for the baseline design. Erosion due to physical sputtering
is shown for the entrance grid, repeller grid and the collector plate
for copper and beryllium.

Other materials and gaseous cooling media were also investigated. Helium
was selected as the first alternate cooling medium to be studied for the
direct converter. Pumping power ratios are shown for several gases as a
function of system pressure and temperature. The materials investigated
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included: A copper alloy (AMAX-MZC), a molybdenum alloy (TZM) a
niobium alloy (FS-85), and stainless steel (HT-9). Temperature and
stress distributions in these materials are shown for a helium-cooled
grid system.

For installation and maintenance convenience, both the liquid and gaseous
cooled collector plate is design as individual sector panels. Each
panel is 1.5m wide and 6m high. There are forty collector sectors,
twenty on each side of the centerline.

For the liquid cooled converter plate, five coolant channel config-
urations sets were considered. One configuration set has a partially
cooled back and the other four are fully cooled. Three have horizontal
coolant channels while two have vertical channels. One configuration
set has all channels in parallel vhile four are a combination of series
and parallel flow. To accommodate material temperature requirements
some of the sets require multiple sector designs. The performance
of each set in terms of material temperature and coolant pumping power
together with ease of manufacture and design commonality will be dis-
cussed. A rationale for the reference design chosen will be given.
Reference design performance parameters will be given. A systems
study is conducted showing the effect of coolant outlet temperatures
on maximum material temperature, system pressure, coolant flow rate
and pumping power.

For the helium coolant collector plate concept two designs were ex-
amined. The first has the coolant inlet at the bottom, of the sector
and the outlet at the top. The second, the reference design, has the
coolant inlet at the center and outlets at the top and bottom. A de-
tailed temperature analysis was made of the collector center sector
for five materials. Of those examined, only three can meet all the
requirements of temperature and yield strength or creep rupture strength.
Performance parameters will be given and a system study conducted.

Studies have been made of the Tritium permeation into grid tubes and
collector plate. The study was based on the recommended approach of
Baskes et al (ref. 1). Calculated results are presented and methods
for reducing the permeation loss are suggested for further investigation.
In the analysis the tritium flux variation was approximated by average
values over each of the forty sectors. For the grids two cases were
run, one with a constant temperature for all tubes in the array and a
case where each tube has a different constant temperature. These
results differ by only 20% in the permeance. Another detailed cal-
culation was made of the permeation the center collector sector. Again
the detailed calculation did not differ greatly from the average value
calculation.

Ref. 1 - Baskes, M., Bauer, W., Wilson, K., Sandia Report. SAND 82-8698 June 1982
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CARBON FIBER COMPOSITE PLASMA DIRECT CONVERTER*

H. Gurol, G.W. Shuy, A.E. Dabiri, R.B. Dirling, Jr., D.A. Eitman
Science Applications, Inc.

A large portion of the power generated by tandem mirror reactors will be
obtained by direct electrical conversion of energetic ions leaking into the
end cells. This is especially true for alternate-fueled reactors, since a
greater fraction of the fusion energy is in charged particle form. Conven-
tional plasma direct converters (PDC) use liquid cooled grids and collector
plate. In the Mirror Advanced Reactor Study (MARS) (Ref. 1) the grids and
collector plate are made of the copper alloy AMAX-MZC, and water is used as
the coolant. A number of difficulties can be identified with conventional
PDC designs. The major ones are: tritium permeation into the grid tubes,
physically very large end tank, and about 10% efficiency degradation due to
interception of the ion current by the grid tubes.

In this paper we investigate the feasibility of a compact PDC with radia-
tively cooled grids and collector plate made of carbon/carbon fiber compo-
site. This material is commercially available, and is being used in a
number of high temperature applications, most notably for missile nose tip
cones, and the heat shield for NASA's solar probe vehicle. When compared
with pure graphite, the composite material has excellent structural proper-
ties; furthermore, its thermal and electrical properties can be tailored to
suit a given application.

It is possible to construct the grids in modular form, each module consist-
ing of very thin (^2mm) grid elements. This thickness will reduce the
intercepted ion fraction from ^5% per grid (in conventional PDC's) to *1%.
The radiative energy is emitted from the sides of the grid elements which
are <r2 cm deep. The grids will also be tapered in design, with a front to
back-side area ratio of 15:1 to accommodate the small spread in incident
ion directions. This tapering and the subsequent alignment of the grid
elements with respect to the magnetic field is necessary to eliminate
highly damaging grazing collisions.

Since graphite has high emissivity and high melting point, it can accom-
modate a very high heat flux, allowing the grids and collector plate to be
located much closer to the end plug. Furthermore, the allowable heat flux
for a given grid operating temperature can be adjusted by changing the
ratio of the radiative to the frontal area. Expected peak temperatures in
the repeller grid are ̂ 1800°C. At these high temperatures, thermionic
emission and chemical sputtering have been identified as the major poten-
tial problems for a radiatively cooled carbon composite PDC.

For temperatures above >rl000°C formation of acetylene compounds (C2H2,C2 D2' C2 T2^ on the grid surface is tne major source of material loss. Most
of xhe experimental data is based on using a thermal ion beam. On the
other hand the ion energies near the repeller grid are .MOO keV. The
existing high ion energy data is at low temperatures (<1000°C). Because

*Work supported by the Department of Energy, Office of Fusion Energy.

573



of the lack of high energy and high temperature data, we have extrapolated
the thermal data and used a theoretical surface kinetics model (Ref. 2) to
estimate the grid erosion rate. This calculation indicates a possibly high
erosion rate. Experimental verification of the actual erosion rate under
these operating conditions has been planned. An alternative solution,
given a high erosion yield, will be to coat the front side of the grids
(where the energetic ions impinge) with coatings such as SiC, TiC, TiB2,
which seem to be resistant to chemical reactions with hydrogen.

At elevated temperatures electron emission from the repeller grid surface
can degrade direct converter efficiency. An efficiency based criteria has
been derived for the allowable thermionic current. Using the power balance
parameters for the MARS reactor, the maximum allowable current is '260
amperes. The thermionic current is calculated to be less than 120 amperes,
and possibly as low as 10 amperes, depending on the fraction of cold ions
reaching the repeller grid.

In summary, a compact radiatively cooled PDC, constructed of carbon/carbon
composite appears to be a feasible candidate for use in tandem mirror
reactors. The major advantages of this design are:

o Because of the radiative cooling, no tritium permeation into
coolant loops,

o Thin grid design minimizes the intercepted ion fraction. This
increases the direct converter efficiency by '8%.

o Compactness; a volume reduction by a factor of ^10 may be possible.
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MEASURED PARAMETERS FOR INSTRUMENTATION AND CONTROL OF TANDEM MIRROR FUSION
REACTOR OPERATION1", M.Z. Youssef and V.K. Dhir, Fusion Engineering and
Physics Program, School of Engineering and Applied Science, University of
California at Los Angeles. Safe startup, operation and shutdown of fusion
power plants will depend on the extent of reliability of the Instrumenta-
tion and Control (I&C) system to detect and response to possible plant
components malfunction. In this paper we attempt to identify those para-
meters that require continuous monitoring and/or measurements to assure
safe operation. We have chosen for our analysis the tandem mirror lithium-
lead cooled reactor, WITAMIR-I.^1) Safety-related systems broadly in-
clude the Plant Protection System (PPS) and the safety related display in-
strumentation. The PPS includes all equipment required to initiate and
carry to completion, reactor heat transport and plasma auxiliary system
shutdown, decay heat removal, and containment isolation. We place particu-
lar emphasis on the first category.

The reactor shutdown system may consist of two independent and diverse sys-
tems, either of which is capable of reactor shutdown. Each protective sys-
tem has 3 redundant sensors to monitor a physical parameter. Their outputs
are amplified and converted for transmission to comparators where they are
compared to specific limits. The primary shutdown system can be configured
in general coincidence logic while the second system may use the local
coincidence logic. In the first case, each instrumentation channel compar-
ator outputs its trip or reset signal to a single 1 out of m logic module
where m is the number of parameters measured. The instrument channels feed
3 redundant logic trains which are coupled to shutdown system in 2-out-of-3
configurations (see Fig. 1).

We have identified key parameters, suggested instruments, location, and
purpose of measurements in both shutdown systems* for Heat Transport (HTS)
and Flux Monitoring System (FMS). The FMS parameters include high flux
monitoring to assure that sustained operation will not occur with blanket
components near maximum design limits and flux-delayed flux monitoring to
limit thermal transient caused by rapid change in power. The flux is
measured at the blanket back edge where neutron leakage indicates flux
level. The HTS primary shutdown system parameters include: primary cool-
ant inlet pressure, HX primary outlet temperature, primary/secondary pump
speed*, primary/secondary electronics*, feed water flow*, and superheat
steam pressure*. The HTS secondary shutdown system parameters include:
flux-primary coolant total flow\ primary/secondary flow ratio*, loss of
condenser vacuum*, and rupture disc operation. The HTS parameters are
selected to detect imbalance in heat removal capability. Trip signal for
some parameters (indicated with an asterisk) can be bypassed at low power
level (~10% full power) to allow for normal reactor startup/shutdown.
Coolant leak to air and coolant/water interaction can be detected by con-
tact detectors, aerosol monitors and by rupture disc operation, respective-
ly. However, leak to plasma can early be detected through plasma diagnos-
tics. Pumping each blanket module by gas after plant shutdown can indicate
leak location.

Parameters to measure in other plant subsystems have been identified. For
example, I&C of the 500 keV NBlv1"2' requires monitorinq gas flow rat-** in
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the ion source, power^supply to filament, collector temperature in the
double- charge-exchange cell, voltage supply to the accelerator column
electrodes, and inlet and outlet temperature of coolant to the ion dump.

Each plant subsystem has an anticipated failure rate and time to repair as
indicated in Ref. (3). Based on this data, we found that plant availabil-
ity at full power is sensitive to NBI failure rate. Plant availability as
high as ~75* is evaluated when the plant is run on hydrogen only during
early startup phase.

fWork supported by USDOE.

(1) B. Badger, et al., "WITAMIR-I, a University of Wisconsin Tandem Mirror
Reactor Design" UWFDM-400, University of Wisconsin (1980).

(2) G.A. Carlson, et al., "Tandem Mirror Reactor with Thermal Barrier,"
UCRL-52836, Lawrence Livermore Laboratory (1979).

(3) C.W. Maynard and Z. Musicki, "Availability Analysis of Fusion Power
Plants," UWFDM-461, University of Wisconsin (1982).
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REAL-TIME THERMAL CONTROL OF FUSION REACTOR BLANKETS

S. Gralnick, M. Stauber, and P. Sun, Grumman Aerospace Corporation
D.L. Jassby, Princeton Plasma Physics Lab.

Real-time control of fusion reactor blanket temperature and local power density and neutron flux is re-
quired for many reasons: (1) Plasma instabilities and the slow shifting of plasma position will result in
variations in plasma neutron production and in spatial distribution of fusion neutron wall loading. (2)
Thermal profiles should be tailored to reduce coolant and structure design constraints, for example by
the leveling of power density and tritium breeding profiles. (3) The temperature of solid lithium
breeding compounds must be kept within a relatively narrow temperature range for in situ tritium
release. (4) It is desirable to have load-following capability without requiring changes in plasma
parameters. (5) The useful life of structural materials can be increased by reducing thermal ratcheting
due to small fractional temperature variations.

Two types of blanket control have been investigated. The first is based on altering the blanket nuclear
reaction profile locally, as required, by inserting depleted or natural uranium using movable control
rods.1 When the neutron production rate in the plasma decreases, the U rod is quickly inserted into the
blanket enhancing both neutron flux and power production. The rods are withdrawn when the fusion
plasma is able to return the blanket parameters to their nominal operating values. The second and com-
plementary method relies on altering coolant flow rates in response to measured variations in neutron
flux and temperature.

Figure 1 illustrates the conceptual blanket design used in this study, a helium-cooled lithium oxide lattice
that incorporates the uranium control rods. The uranium is cooled by water or a liquid metal. The
variations in radial and axial heat deposition profiles and neutron fluxes associated with use of the con-
trol rods has been determined with 1-D and 2-D discrete ordinates neutronics analyses. A thermal
analysis to develop an appropriate set of blanket thermal response functions has been performed and a
control system concept to develop algorithms for implementing blanket thermal control has been
designed.

The control system design is illustrated schematically in block diagram form in Figure 2. The four
measured variables are the fusion neutron flux, the local neutron fluxes in the blanket, the local blanket
temperature, and the local heat deposition. Each variable when compared to a specific demand value
determines the amount of deviation from the nominal operating point. By determining how effectively
blanket thermal control can be accomplished, it has been possible to specify what ranges of plasma fluc-
tuations in density, temperature and position away from the normal operating points are acceptable.

1) D.L. Jassby, "Movable Uranium Rods & Stringers for Reactivity control of Fusion Reactor
Blankets," Princeton Report PPPL-TM-355 (July 1982)
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COAXIAL TEST-FIXTURE AND PULSED POWER SUPPLY FOR CONTACT MATERIAL SCREENING
TESTS*

W. F. Praeg and D. F. MeGhee, Argonne National Laboratory

C. A. Trachsel and H. S. Zahn, McDonnell Douglas Astronautics, Co.

In fusion energy devices such as tokamaks, torus concepts, and mirror
reactors, the current required to confine and maintain the plasma is very
large, usually in the megampere range. In recent designs greater emphasis is
being placed on maintainability, with easily replaceable torus segments being
a prime consideration. One of the many problems to overcome is that of
providing reliable electrical contact between these segments. An easily
separable connector that can handle large currents requires contact surfaces
that tolerate much abuse. The amount of current they can safely carry depends
on certain physical characteristics. The size of the contacts, the force at
which they are pressed together and their physical properties (conductivity,
melting point, oxidation resistance, etc.) are of most interest. The nature
of the applied current (transient vs. steady state, pulse rarap-up-time, etc.)
will also greatly influence the choice of material. For the experimental
evaluation of candidate contact material alloys a test fixture was developed
which provides the following features:.

1. Test samples form the inner cylinder of a fixture made from two,
coaxially arranged cylinders.

2. Magnetic forces keep the current distribution in the cylinders
symmetrical with respect to the cylinder axis.

3. There are no external magnetic forces produced by the coaxial
cylinders.

4. The fixture is built as a vacuum vessel; the vacuum is adjustable
down to 10~° torr.

5. Contact pressure is adjustable up to 300 psi.

6. Contact area of test samples can be as large as 50 cm .

7. Ambient temperature is adjustable up to 300° C.

A capacitor discharge circuit provides 60 Hz half sinewave current pulses
adjustable from 0 to 300 kA peak. A future upgrade to 600 kA with a 200 ms
flattop is planned.

* Work supported by the U.S. Department of Energy.
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The purpose of the material screening tests is to determine the maximum
current density and pulse that a particular material can absorb without
sticking (welding), melting or jumping apart.

The parameters measured as a function of current, contact pressure and
specimen shape are:

• voltage drop across specimen junctions during current pulse,

• temperature rise of specimen during current pulse, and

• specimen strain during pulse.

This paper will describe the test fixture, the pulsed power supply and the
instrumentation. Test results are reported in a separate paper.
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ENERGY LOSSES ON TOKAMAK STARTUP* John G. Murray and George Bronner,
Princeton Plasma Physics Laboratory, and Kristin E. Rothe, Fusion
Engineering Design Center/Oak Ridge National Laboratory. The purpose of
this work was to provide data to support the selection of conceptual
designs for the torus electrical structure for a reactor-relevant tokamak.

Energy losses in fusion power reactors using OH-Induced voltage for
initiating the plasma will be a dominant design factor. Torus designs
cannot be based on structures which minimize the electrical toroidal
conductivity as they are on present experimental devices. Fusion reac-
tors are subject to damage due to an uncontrolled fast shutdown such as
a disruption. The thermal energy and the magnetic stored energy due to
the plasma current loop is several hundred megajoules, which can produce
melting of the torus wall. To prevent excessive damage, a low-resis-
tance passive circuit must be provided close to the plasma edge. It is
also desired to make all vacuum seals as far away from the plasma as
practical to maximize maintainability. Thus, the reactor torus designs
have essentially an inner low-resistance shell and an outer high-resis-
tance shell. In addition, the superconducting dewar and coil support
structures provide additional paths for toroidal currents to flow.

In general, the torus design should have as good an internal shell con-
ductance as can be practically obtained. This is limited by the start up
time and the desire to have good penetration of the neutrons into the
blanket material and the heat exchangers. The shell conductivity is also
affected by the divertor, vacuum piping, instrumentation penetration,
fueling, auxiliary heating systems, and the shield requirements. The
outer shells do not provide â <y electromagnetic advantages and, hence,
should be as high a resistance as practical.

During the start up of a tokamak reactor using poloidal field (PF) coils
to induce a plasma current, the conducting structures also carry induced
currents. The associated energy losses in these structures must be pro-
vided by the PF system.

The computer code used in this study to obtain solutions to the system
of differential equations for the plasma and the structure circuits
includes the variation in the plasma resistance as well as the self- and
mutual impedances as the plasma grows off the wall and moves to its final
position during start up.

The energy losses in the structures have been determined for various
structural thicknesses. The results support a FED or ETR torus design,
which has:

(1) an internal shell or liner with up to 5-cm of stainless steel
or a structure of equivalent resistance, and

(2) an outer shell or vacuum seal boundary of less than 0.25-cm of
stainless steel or equivalent resistance. This maintains outer
shell energy losses equivalent to the inner shell losses.

•Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W7405-eng-26 with the Union Carbide-Nuclear
Division.
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SOFTWARE DESIGN FOR THE
TRITIUM SYSTEMS TEST ASSEMBLY*

G.W.Claborn, R.T.Ueaphy, P.S.Lewis,
L.W.Mann and C.W.Nielson

Los Alamos National Laboratory
Los Alamos, NM

ABSTRACT

The overall structure of the fault-tolerant control and data
acquisition software designed for the Tritium Systems Test Assembly
project (TSTA) is described. The TSTA project is a prototype of the
tritium fuel handling facility which will be necessary for the
operation of a practical fusion reactor. Its principal objective is to
demonstrate the safe handling of large amounts of tritium on a routine
basis. The facility operates under automatic control with a minimum of
operator interaction. The software provides all of the system control
and operator interface. All operator interaction with the system
occurs through programmed commands on color graphics terminals.

The facility is controlled by a process computer system consisting
of two Data General minicomputers and four local controllers. A
second, separate safety system consisting of two Digital Equipment
minicomputers acts as a watchdog and can bring the facility into a safe
state in case of failure in the process computer system.

The software has been structured in layers. Each software layer
is built on the underlying layers to form more complex and specialized
virtual machines. The lowest layers deal with the handling of physical
devices and interfaces. The middle layers deal with the actual
measurement and control points and the interactions of the various
components in the system. This software is generally table driven.

The upper level software structure parallels that of the physical
system. The facility is divided into subsystems. Each of these
subsystems is controlled by a separate software package that handles
all aspects of the subsystem. In this manner evolutionary change to a
subsystem will have a limited Impact on the software. This highest
level of software defines how the subsystems will be controlled. To
design the software at this level a methodology has been developed to
aid in the interaction with the physical subsystem designers. This
methodology is based on structured flowcharts and provides a means of
expressing high level control algorithms that non-programmers can
understand and validate.

•Work performed under the auspices of U.S. Dept. of Energy
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USE OF ADVANCED PROGRAMMABLE LOGIC CONTROLLERS TO MONITOR AND CONTROL THE
ELMO-BUMPY TORUS - PROOF OF PRINCIPLE DEVICE Bruce A. Boyd, McDonnell
Douglas Astronautics Company The Elmo-Bumpy Torus - Proof of Principle
device (EBT-P) has been designed with an instrumentation and control system
based upon the use of advanced programmable logic controllers as well as a
network of mini- and micro-computers. These programmable logic controllers
or PLC's incorporate many advanced programming features not available in
earlier PLC's intended for application to conventional relay logic replace-
ment. The additional power and flexibility of these modern PLC's is
especially applicable to an experimental device such as EBT-P which is made
up of several complex inter-related subsystems whose operational character-
istics will be evolving throughout the lifetime of the device. The ration-
ale for the selection of advanced PLC's for EBT-P and the approach taken to
design of the software to be developed to control EBT-P are the topics to
be covered in this paper.

Initially, three control system options were considered for EBT-P: hard-
wired relay-implemented interlock logic with manual control, a CAMAC-based
mini- and micro-computer network with programmed control, and programmable
controller driven interlock and control feeding a micro-computer based data
acquisition system. The manual system was eliminated from consideration
during preliminary design due to limitations in flexibility to handle
changes in the operating requirements of the EBT-P device. Proposed up-
grades to the EBT-P for increased microwave heating and RF heating would
have resulted in extensive redesign and rewiring of a relay-based interlock
system. Furthermore, the complexity of a manual control system would have
required many more operating personnel than the project could realistically
afford. Consequently, an "intelligent" control system based upon computers
or programmable controllers was considered the only viable alternative.
The decision to select PLC's over computer control was based upon the fol-
lowing considerations: reliability, ease of programming, interface to in-
strumentation, and operator interface.

In order to take full advantage of the power and flexibility of the PLC it
was decided to go beyond the normal relay-replacement capability of the PLC
to design software using matrix and file functions to implement a generic
table-driven process control system. The EBT-P instrumentation and control
system was designed to use as many as six interconnected PLC's, each con-
trolling a single device subsystem: vacuum, cryogenics, superconducting
magnets, microwave heating, RF heating, and device utilities. One of the
goals of the software design was to design a generic program which could
run in all of the subsystem PLC's. Any differences between the subsystems,
such as the number and type of sensors and actuators, control panel display
screens, or process sequences would be contained in a separate table or
configuration file in each PLC. The major elements of this generic soft-
ware design are described below.

The software context is divided into five major processes: sensing the
current device state, display of the current state at control consoles,
transmission of the current state to the data acquisition system compu-
ters, determination of the next control output state, and control of the
output points. Each major process is controlled by tables in the config-
uration file which allow the known configuration of the EBT-P subsystem to
be mapped into the memory and I/O structure of the PLC. The main
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difference between the normal relay logic of a FLC and the table-driven
software design Is found in the process which determines the control output
state for a given input state. It makes use of an Actual State Vector made
up of bits set by the state of input sensors and by control panel switches.
The Actual State Vector is compared, bit by bit, with a Current Step Vector
from the configuration file which contains the expected setting of each bit
in the Actual State Vector. If the two vectors match exactly, the process
is allowed to proceed to the next sequential step. If the two vectors mis-
compare, a jump is made to an exception handling routine to process the
change in state. Tables similar to the Current Step Vector are used by
each of the major processes to customize the FLC sequencing to the specific
device subsystem. In addition, multiple configuration files may be genera-
ted to allow the same PLC to control various operational sequences on the
device subsystem. For example, one file may define a start-up sequence,
another a steady-state operating mode, another a pulsed operating mode, and
yet another a shut-down sequence. The same generic software will still be
used to control all of these operational scenarios. Changes to accommodate
improvements to the EBT-P device or to modify operating procedures as ex-
perience is gained will not require the development of new control software.
Only the configuration file tables will be modified to accommodate changes.
A high-level text editing system on the data acquisition system micro-com-
puters will be used to generate and maintain the PLC configuration file
tables. The micro-computer will then down-load the tables to the PLC.

Work performed under Subcontract 22X-21099C to Union Carbide Corporation,
Nuclear Division for the U. S. DOE.
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