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Georgia Institute of Mc finology 
A UNIT OF THE UNIVERSITY SYS T EM Cli C;EORSIA 

SCHOOL OF NUCLEAR ENGINEERING AND HEALTH PHYSICS 

ATLANTA, GEORGIA 303n2 

February 1, 1984 
14041 hi:, I 

Report on Foreign Travel 	 Grant No.DE - FG05 - 84ER - 52107 

Traveler - Weston M. Stacey, Jr. 	 Project No. E-26- 601 

Site Visited - INTOR Workshop, Vienna 
January 16-27, 1984 

Persons Contacted - INTOR Workshop participants from USSR, EC and Japan 

The traveler attended Session VIII of the Phase 2A, Part 2 INTOR Workshop 
in Vienna January 16-27, 1984. Each country (US, Japan, EC, USSR) presented 
detailed contributions (the Japanese contributions were particularly notable 
in their thofoughness) on several critical technical issues under consideration 
by the Workshop. These contributions were discussed at length and provided the 
basis for defining future home tasks to be performed for the next Workshop ses-
sion May 21-June 1. Detailed plans for a worldwide data base assessment were 
formulated. A summary of the status of the INTOR Workshop work was prepared and 
is included as Attachment 1 to this report. The organization and participants 
in this session are indicated in Attachment 1. 

It is the general opinion of the traveler that this Workshop session was 
successful in forwarding the objectives of INTOR to focus worldwide effort on 
the most vital technical problems facing the next generation of tokamak experi-
ments. 

Enclosures: Attachments 1-3 
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Attachment 1 

TASKS, ORGANIZATION, SCHEDULE AND PROGRESS 

INTOR WORKSHOP 

PHASE 2A, PART 2 

JULY 1983 - JUNE 1985 

Presented to IFRC by INTOR Steering Committee 

January 1984 



PHASE 2A, PART 2 - INTOR WORKSHOP ORGANIZATION 
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A. Impurity Control 
and First Wall 

Post Harrison 
Schiller - VC 
Leger 

Fujisawa 
Seki 
Kobayashi 

Post 
Mattas 

Pistunovich 
Serebrennikov 

B. RF Heating and 
Current Drive 

Engelmann Engelmann Miyamoto Colestock Shatalov 
Pistunovich 

C. Transient 
Electromagnetics 

Kostenko Salpietro Iida 
Ueda 

Tarrh 
Peng 

Kostenko 
Sadakov 

D. Maintainability Tomabechi Farfaletti-Casali 
Salpietro 
Chazalon 

Tomabechi 
Iida 
Honda 

Spampinato 
Shannon 
Baker 

Shatalov 
Kolbasov 
Sadakov 

E. Technical Benefit Knobloch Knobloch Tomabechi 
Kobayashi 

Shannon Kolbasov 

D
IS

C
IP

L
IN

A
R

Y
 

.
 

F. Physics Pistunovich Engelmann 
Harrison 

Fujisawa 
Miyamoto 
Kobayashi 

Post 
Peng 
Colestock 

Pistunovich 

G. Engineering Shannon Farfaletti Casali 
Salpietro 
Knobloch 

Seki 
Honda 

Shannon  
Spampinato 
Tarrh 

Kostenko 
Sadakov 

H. Nuclear Tomabechi Chazalon 
Schiller 
Leger 

Iida 
Ueda 
Tomabechi 

Baker 
Mattas 

_ 

Shatalov 
Serebrennikov . 

Kolbasov 

Steering Committee Mori Grieger Mori Stacey 
-----.--- 

Kadomtsev 
_ 

1/23/84 



B. RF HEATING AND CURRENT DRIVE 

TASKS: Analysis of physics and engineering aspects of rf heating, current 

drive and plasma initiation. Collection of experimental data; 

comparison of calculational models; development of launcher design 

concepts; etc. 

PROGRESS: 

	

1. 	ICRF (reference bulk heating method 85 MHz) 

a. Experiments continue to show good heating results ( ,, 3.3 MW PLT); 

some concern with impurity production. 

b. Good progress in code development. Benchmark calculations 

in progress. 

c. Launcher designs in progress on several concepts. 

	

2. 	LHR 

a. Current ramp—up to —250 kA in PLT and 20 kA in JIPPT—IIU. 

b. Current maintenance at 200 kA, n = 10
14

/cm
3
, w = 4 GHz in 

ALCATOR. (qicz,1 A/W) 

c. Plasma breakdown and current ramp—up to 100 kA at n = 10 12 /cm3 

in PLT. 

	

3. 	ECRH (reference start—up assist method — 150 GHz) 

a. New results from T-10 (500 kW, w = 86 GHz,AT: . 1 KeV) and 

D—III (250 kW, 	4 ev/kW) 

b. Work in progress to improve modeling. 



D. MAINTAINABILITY 

TASKS: Re-evaluation of design requirements to enable personnel access 

24 hours after shutdown. Development of a totally remotely maintained 

design concept. Comparison of "limited personnel access" (present 

INTOR) and "totally remote" design concepts - costs and engineering 

design impact. 

PROGRESS: 

1. Requirements for tritium containment, cleanup and atmospheric re-

covery systems identified, and definition of concepts initiated. 

2. An initial all-remote design concept has been identifie 

3. Time-dependent calculations indicate lower rates of tritium per-

meation into coolant. 



II.DATA BASE ASSESSMENT 

. 	TASKS 

1. Collect and compare the scientific and technical data relevant 

to INTOR which are being produced worldwide. 

2. Identify the capability that exists in present and future facilities 

to extend that data base over the next 4 - 5 years. 

3. Identify additional R & D that would be required to provide an 

adequate data base for the detailed design and construction 

of an INTOR-like machine. 

4. Based on 1) - 3), make a judgement on the technical feasibility 

of initiating construction of an INTOR-like machine 4-5 years from 

now. 

(Note: This activity is essentially an updating of the 

Phase - Zero data base assessment.) 

B. 	PROGRESS  

1. Detailed outlines have been developed to guide the assessment 

activity. 

2. Lists have been developed to collect information on existing 

data and on facility capability. 



III. OTHER ITEMS  

A. 	SPECIALISTS MEETINGS  

1. A 2-day INTOR specialists' meeting will be held on MHD 1 3-limits 

July 4 - 5, 1984, following the IAEA-sponsored International 

Conference on Plasma Physics in Lausanne. 

2. The report on the IAEA technical committee meeting on Fusion 

Safety and Environment will be reviewed, when available, to 

determine if further action is needed in this area for INTOR. 

3. The Nagoya Plasma-Surface Interactions Conference (May 1984) 

will be monitored by INTOR Workshop members. 

4. The ANS Topical Meeting on Robotics and Remote Handling 

(April 1984) will be monitored by INTOR Workshop members. 

B. 	The INTOR Workshop participants are prepared to present an INTOR 

session at the IAEA Plasma Physics and Controlled Nuclear Fusion 

meeting in London. 
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Attachment 3 

REPORT OF FOREIGN TRAVEL COST  

1. Name of Traveler: 	Weston M. Stacey, Jr.  

2. Name of Contractor: 	Georgia Institute of Technology 

Grant 
3. fails Number: 	 DE-FG05-84ER-52107 

4. Inclusive Dates of Travel: 	January 13-29, 1984 

4 
5. Estimated Cost of Trip Shown on Form 

N2u 12-1
$1,51/L  
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6. Actual Cost of Trip Charged to AEC Funds: 	$3264.20  



• 
U.S. DEPARTMENT OF ENERGY 

NOTICE OF ENERGY RD&D PROJECT 

FORM DOE 538 
(1178) 

APPROVED FOR USE BY 	 FORM APPROVED 
OMB NO. 38 R-01SO 1SMITHSONIAN SCIENCE INFORMATION EXCHANGE 

LE
T

A
C

H
 H

E
R

E
 BE

F
O

R
E

 S
U

B
M

IT
T

IN
G

 

(Department) (Organization) 

b. MAILING ADDRESS (If Different From 48) 

ED c. TYPE OF ORGANIZATION PERFORMING THE WORK (Enter applicable code from instructions). 

Office of Fusion Energy 
6. SUPPORTING ORGANIZATION 

a. DOE PROGRAM DIVISION OR OFFICE (Full Name) 

7. PROJECT SCHEDULE (a) START DATE  January . 1984 	(b) EXPECTED COMPLETION DATE  December, 1985 
(Month)  (Year) 	 (Month) 	(Year) 
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Weston M. 	Jr. Stacey, 	
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CITY  	Atlanta 	 TATE  GA  
ZIP 

 30332  
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FOR TRIP REPORTS SUBMITTED TO THE 

OFFICE OF ENERGY RESEARCH 

Destination(s) and Dates for 
Which Trip Report Being Submitted: 	London, England 9/11/84 — 9/21/84 

Name of Traveler: 	Weston M. Stacey, Jr. 

Joint Trip Report 	[ ] Yes 

DJ No 

If so, Name of Other Traveler(s): 	  



Georgia Institute of Technology 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 

SCHOOL OF MECHANICAL ENGINEERING 

Please reply to; 

October 31, 1984 	
NUCLEAR ENGINEERING AND 

HEALTH PHYSICS PROGRAM 

CHERRY EMERSON BUILDING 

GEORGIA INST. OF TECH. 

ATLANTA, GEORGIA 30332 U.S.A. 

Report on Foreign Travel 	 Grant No. DE-FG05-84ER-52107 

Traveler - Weston M. Stacey, Jr. 	 Project No.._-E2&-1- 21_ E:00 - bO i 

A. The traveler attended the 10th International Conference on Plasma Physics 
and Controlled Nuclear Fusion Research, September 12 - 19, 1984, London 
England. He presented a paper, attended the technical sessions and engaged 
in conversations. The principal impressions he received were: 

1. The experimental and theoretical results on 0-limits in present tokamak 
experiments are converging to a significant degree. Extrapolation to 
future tokamak reactors is not favorable, implying a need to focus 
attention on ways to achieve higher values of 0. 

2. Energy confinement scaling in auxilliary heated tokamaks is far from 
understood. The data in present machines can be more or less fit by a 
wide range of empirical or semi-empirical relations. The favorable 
H-mode scaling has been obtained rather regularly in divertor experiments. 
Extrapolation to future tokamak reactors is satisfactory, if H-mode 
confinement obtains. 

3. Impurity contamination is receiving increased attention. The 
experimental and theoretical evidence supporting a high-recycling 
poloidal divertor as an impurity control scheme is rather convincing. 

B. The traveler attended the International Fusion Research Council (IFRC) 
meeting on September 20, 1984 to report on the INTOR Workshop. The IFRC 
was more-or-less unanimous in their opinion of the value of the Workshop 
and their wish to see it continued. There was a widespread feeling among 
the IFRC members that the 0-limit issue should receive more attention in 
the next phase. The French representative stated his opinion that the 
relation of INTOR to the following DEMO should be defined more clearly. 
The US representative stated his opinion that the Workshop should find 
a new focus which involved more far-reaching innovations. These three 
points were referred to the INTOR Steeriag Committee for consideration 
in preparing a revised proposal for activities during the next phase. 

Telephone: 404-894-3720 Telex: 542507 GTRIOCAATL Fax: 404-894-3120 (Verify: 404-E194-4850) 

AN EQUAL EDUCATION AND EMPLOYMENT OPPORTUNITY INSTITUTION 
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1. TRIP NO.: 

2. HQ APPROVAL REQUIRED: 

3. TRAVELER'S NAME: 	Stacey_,. 

4. EMPLOYER: 	 Georgia Institute of_ Technology 
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6. DEPARTURE DATE: 	 09 ill /84 
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9. FISCAL YEAR: 	 11.4 
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12. CONFERENCE NO.: 
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POE Grant DE-7005-841252107 

ACCOMPLISMENTS DURING TZAR 1 (1/1/86 - 12/31/86) 

The US work in support of Phase 1 Part 3 of the INTOR Workshop was organized " 
and technically directed. The US work in support of the IAEA Meeting on 
Tokamak Concept Innovations was organized. The PI represented the US as 
Steering Committee member at sessions of the INTOR Workshop and as a member of 
the organizing committee for the above-mentioned IAEA meeting. 

PROPOSED WORK DURING TEAR 2 (1/1/87 - 12/31/87) 

The work proposed for the second year of the two-year grant is as follows: 
organization and technical direction of the US work in support of the INTOR 
Workshop including publishing and distribution of the US INTOR report; 
representing the US as Steering Committee member at sessions of the INTOR 
Workshop; performing certain technical analyses in support of the US INTOR 
work; and participating in DOE activities related to ETR, in particular ETOC. 
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Applicant woos to compile and maintain information pertaining to programs or activities developed as a result of the 
1►licant's receipt of Federal assistance from the Department of Energy. Such information than include tan it nfitt I  ig"i 



COVER SHEET 

FOR TRIP REPORTS SUBMITTED TO TilE 

OFFICE OF ENERGY RESEARCH 

Destination(s) and Dates for 
Which Trip Report Being Submitted: 	May 10 — June 2, 1984 

Name of Traveler: 	Weston M. Stacey, Jr. 

Joint Trip Report 	E ] Yes 

Ex] No 

If so, Name of Other Traveler(s): 	  



Georgia Institute of Technology 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 

SCHOOL OF NUCLEAR ENGINEERING ANO HEALTH PHYSICS 

ATLANTA, GEORGIA 30332 
C4043 E194-3720 

June 8, 1984 

Report on Foreign Travel 	 Grant No. DE-FG05-84ER-52107 

Traveler - Weston. M. Stacey, Jr. 	 Project No. E-26-601 

A. Visit to Kernforschungzentrum Karlsruhe, FRG - KfK (5/15-6/84)  

Persons Contacted: W. Heinz (Director) and P. Komarek, Institute for Technical 
Physics, G. Kessler (Director), R. Frohlich and E. Kiefhaber, 
Institute for Neutron Physics and Reactor Technology, 
H. Hinnies (Director of KfK), and H. Vetter (Director of 
the Fusion Program) 

1. Technical discussions were held with W. Heinz (Director) and P. Komarek 
of the Institute for Technical Physics. The European coil for the 
Large Coil Project has recently been successfully tested at Kf K, and 
is now being stored at KfK awaiting successful completion of the US 
coils. KfK has established extensive facilities for superconducting 
development and intends to use these facilities for fusion development. 
KfK will soon undertake the development of a set of superconducting PF 
coils for Tore-Supra. 

2. Technical discussions were held with G. Kessler (Director), R. Frohlich 
and E. Kiefhaber of the Institute for Neutron Physics and Reactor Technology. 
This Institute has at present only a small involvement in magnetic 
fusion via a blanket design activity. However, they have the capability 
for extensive work in the nuclear area and plan to increase their fusion 
activities in the future. This Institute has a light ion beam inertial 
fusion experiment and is carrying out theoretical work on pellet design. 

3. Discussions were held on possible international cooperation in magnetic 
fusion with H. Hinnies (Director of Kf K), W. Heinz, G. Kessler and 
H. Vetter (Director of the Fusion Program). A general skepticism was 
expressed, based on previous experience with cooperation in the LMFBR area, 
where they felt that the excessive US emphasis on quantifying equity in 
the exchange and the participation of technically inexperienced bureacrats 
were detrimental. 

4. Seminars were presented on the US INTOR work and on Neutral Beam Driven 
Impurity Flow Reversal. 

AN EQUAL EDUCATION AND EMPLOYMENT OPPORTUNITY INSTITUTION 



Georgia Institute of Technology 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 

SCHOOL OF NUCLEAR ENGINEERING AND HEALTH PHYSICS 

ATLANTA, GEORGIA 30332 
(404) 894-3720 

June 8, 1984 

Report on Foreign Travel (Continued) 	Grant No. DE-FG05-84ER-52107 

Traveler - Weston M. Stacey, Jr. 	 Project NO. E-26-601 

B. Visit to Max-Planck Institute for Plasma Physics, Garching, FRG (5/17-18/84)  

Persons Contacted: G. von Gierke, M. Kaufman, G. Grieger, R. Tosci 
(Director NET), F. Engelmann and H. Raeder 

1. Technical discussions were held with G. von Gierke and M. Kaufman on 
ASDEX and ASDEX - upgrade. The current ASDEX experimental program 
is testing the "Troyon beta-limit". Discharges with varying values 
of q and with varying impurity content have been obtained. To date, 
it has not been possible to exceed the Troyon limit. It has also been 
found that with some extended discharges (several hundred milliseconds) 
the H-mode confinement deteriorates to a level intermediate between H- and 
L-mode. ASDEX-upgrade, which will become operational in 1986 - 87, 
will be capable of testing the poloidal diverter and pumped limiter in 
configurations that are similar to INTOR/NET/TFCX in geometry and 
power flux. 

2. Technical discussions were held with G. Grieger on the W7 Stellarator 
program. W7-A will end nine years of operation in December, 1984, and 
W7-AS will begin operation in 1986. Detailed testing of W7-AS components 
will take place over the next year. A segment of the vacuum vessel has 
already been fabricated and tested successfully. The winding pack 
design for the W7-AS coils consists almost entirely of conductor, in 
contrast to the US ATF design, which features a large structural "tee". 

3. Technical discussions were held with R. Tosci (Director NET), F. Engelmann 
and H. Raeder on NET. The NET objectives are similar to those of INTOR 
(ignition and long burn physics, reactor relevant technology, and 
engineering testing capability). The present NET concept is very similar 
to INTOR, except slightly smaller because of somewhat less demanding 
performance requirements (-3 MW.yim

2 
and 25% availability for NET as 

compared to -7MW.y/m 2 
and 40 - 50% availability for INTOR). The schedule 

of the NET project is: 1) to develop a set of reference parameters for 
the preliminary design by the end of 1984, 2) to initiate detailed 
design in 1988; and 3) to start construction in 1992. The NET team 
consists of 20 professionals located at Garching (to increase to 65 by 
1987) plus smaller detached groups at other locations, with a total of 
about 40 - 50 professionals. It is felt by leaders of the NET team that 
US commitment to TFCX could delay the NET schedule unless the JET results 
are outstanding. 

AN EQUAL EDUCATION AND EMPLOYMENT OPPORTUNITY INSTITUTION 



C. Attendance at the INTOR Workshop in Vienna - (5/21-6/1/84)  

The traveler attended Session IX of the Phase 2A, Part 2 INTOR Workshop as 
leader of the US delegation. Other attendees are shown in the attachment. 
The primary business of this workshop session was to discuss the work on 
critical issues and data base assessment. Tentative conclusions are listed 
below: 

1. Impurity Control 

a. Experiments confirm physics basis for high recycling (high n, 
low T) divertor. There is relatively good agreement between 
experiments and calculations. 

b. Calculations indicate that it may be possible to reduce 
the height of the divertor chamber from -lm 
This may substantially reduce the space occupied by the divertor. 

c. Low-z limiters work, but extrapolation of the pumped-limiter 
to INTOR conditions indicates potential problems with erosion, 
pumping and impurity control. 

d. It appears credible to design divertor plates (W on SS) that 
will have long (> 2 y) lifetimes under INTOR conditions, 
although tritium-permeation and radiation damage are a concern. 
New phylics calculations indicate the peak heat flux may be 
-15MW/m . 

2. RF Heating and Current Drive 

a. ICRH remains the preferred option for bulk heating to ignition, 
although worrisome problems (e.g. impurity production) remain. 

b. The data base for LH current ramp-up and transformer recharge 
is not yet adequate to justify reliance thereon to achieve 
basic design objectives, although provision should be made to 
incorporate LH and to take advantage of it in the event it 
works as hoped. 

c. Use of LH current initiation could reduce the required 
inductive voltage -35-4.--5V, with significant engineering 
impact. However, the data base is not yet adequate to 
justify reliance thereon. 

3. Transient Electromagnetics 

a. Active control coils located outside the torus shield but 
inside the TF coils are required to stabilize vertical 
displacements. 



b. Passive stabilization elements close to the plasma may 
not be required if the normal torus structure has adequate 
EM properties. Toroidal continuity does not appear to be 
required for FWBS. 

4. Maintainability 

a. There does not appear to be any significant advantage to be 
realized by replacing the present "personnel access" 
maintenance concept by a "totally remote" concept. 

5. Technical Benefit 

a. Partitioning the detailed design and fabrication of high 
technology components among the four partners so that all 
can benefit technically would increase the total cost by 

70%, increase the required staff by -15% and lengthen the 
construction and design schedule by about 2 years. 
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Georgia Institute of Technology 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 

SCHOOL OF NUCLEAR ENGINEERING AND HEALTH PHYSICS 

ATLANTA. GEORGIA 30332 
(404) EI94-3720 

June 8, 1984 

Report on Foreign Travel 	 Grant No. DE-FG05-84ER-52107 

Traveler - Weston M. Stacey, Jr. 	 Project No. E-26-601 

A. Visit to Kernforschungzentrum Karlsruhe, FRG - KfK (5/15-6/84)  

Persons Contacted: W. Heinz (Director) and P. Komarek, Institute for Technical 
Physics, G. Kessler (Director), R. Frohlich and E. Kiefhaber, 
Institute for Neutron Physics and Reactor Technology, 
H. Hinnies (Director of Kf K), and H. Vetter (Director of 
the Fusion Program) 

1. Technical discussions were held with W. Heinz (Director) and P. Komarek 
of the Institute for Technical Physics. The European coil for the 
Large Coil Project has recently been successfully tested at KfK, and 
is now being stored at KfK awaiting successful completion of the US 
coils. KfK has established extensive facilities for superconducting 
development and intends to use these facilities for fusion development. 
KfK will soon undertake the development of a set of superconducting PF 
coils for Tore-Supra. 

2. Technical discussions were held with G. Kessler (Director), R. Frohlich 
and E. Kiefhaber of the Institute for Neutron Physics and Reactor Technology. 
This Institute has at present only a small involvement in magnetic 
fusion via a blanket design activity. However, they have the capability 
for extensive work in the nuclear area and plan to increase their fusion 
activities in the future. This Institute has a light ion beam inertial 
fusion experiment and is carrying out theoretical work on pellet design. 

3. Discussions were held on possible international cooperation in magnetic 
fusion with H. Hinnies (Director of KfK), W. Heinz, G. Kessler and 
H. Vetter (Director of the Fusion Program). A general skepticism was 
expressed, based on previous experience with cooperation in the LMFBR area, 
where they felt that the excessive US emphasis on quantifying equity in 
the exchange and the participation of technically inexperienced bureacrats 
were detrimental. 

4. Seminars were presented on the US INTOR work and on Neutral Beam Driven 
Imvirity Flow Reversal. 

AN EQUAL EDUCATION AND EMPLOYMENT OPPORTUNITY INSTITUTION 



Georgia Institute of Technology 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 

SCHOOL OF NUCLEAR ENGINEERING AND HEALTH PHYSICS 

ATLANTA, GEORGIA 30332 
(4047 094.3720 

June 8, 1984 

Report on Foreign Travel (Continued) 	Grant No. DE-FG05-84ER-52107 

Traveler - Weston M. Stacey, Jr. 	 Project NO. E-26-601 

B. Visit to Max-Planck Institute for Plasma Physics, Garching, FRG (5/17-18/84)  

Persons Contacted: G. von Gierke, M. Kaufman, G. Grieger, R. Tosci 
(Director NET), F. Engelmann and H. Raeder 

1. Technical discussions were held with G. von Gierke and M. Kaufman on 
ASDEX and ASDEX - upgrade. The current ASDEX experimental program 
is testing the "Troyon beta-limit". Discharges with varying values 
of q and with varying impurity content have been obtained. To date, 
it has not been possible to exceed the Troyon limit. It has also been 
found that with some extended discharges (several hundred milliseconds) 
the H-mode confinement deteriorates to a level intermediate between H- and 
L-mode. ASDEX-upgrade, which will become operational in 1986 - 87, 
will be capable of testing the poloidal diverter and pumped limiter in 
configurations that are similar to INTOR/NET/TFCX in geometry and 
power flux. 

2. Technical discussions were held with G. Grieger on the W7 Stellarator 
program. W7-A will end nine years of operation in December, 1984, and 
W7-AS will begin operation in 1986. Detailed testing of W7 AS components 
will take place over the next year. A segment of the vacuum vessel has 
already been fabricated and tested successfully. The winding pack 
design for the W7-AS coils consists almost entirely of conductor, in 
contrast to the US ATF design, which features a large structural "tee". 

3. Technical discussions were held with R. Tosci (Director NET), F. Engelmann 
and H. Raeder on NET. The NET objectives are similar to those of INTOR 
(ignition and long burn physics, reactor relevant technology, and 
engineering testing capability). The present NET concept is very similar 
to INTOR, except slightly smaller because of somewhat less demanding 

performance requirements (-3 MW.y/m
2 
and 25% availability for NET as 

compared to -7MW.y/m
2 
and 40 - 50% availability for INTOR). The schedule 

of the NET project is: 1) to develop a set of referenc.: parameters for 
the preliminary design by the end of 1984, 2) to initiate detailed 
design in 1988; and 3) to start construction in 1992. The NET team 
consists of 20 professionals located at Garching (to increase to 65 by 
1987) plus smaller detached groups at other locations, with a total of 
about 40 - 50 professionals. It is felt by leaders of the NET team that 
US commitment to TFCX could delay the NET schedule unless the JET results 
are outstanding. 

AN EQUAL EDUCATION AND EMPLOYMENT OPPORTUNITY INSTITUTION 



C. Attendance at the INTOR Workshop in Vienna - (5/21-6/1/84)  

The traveler attended Session IX of the Phase 2A, Part 2 INTOR Workshop as 
leader of the US delegation. Other attendees are shown in the attachment. 
The primary business of this workshop session was to discuss the work on 
critical issues and data base assessment. Tentative conclusions are listed 
below: 

1. Impurity Control 

a. Experiments confirm physics basis for high recycling (high n, 
low T) divertor. There is relatively good agreement between 
experiments and calculations. 

b. Calculations indicate that it may be possible to reduce 
the height of the divertor chamber from -lm 
This may substantially reduce the space occupied by the divertor. 

c. Low-z limiters work, but extrapolation of the pumped-limiter 
to INTOR conditions indicates potential problems with erosion, 
pumping and impurity control. 

d. It appears credible to design divertor plates (W on SS) that 
will have long (> 2 y) lifetimes under INTOR conditions, 
although tritium-permeation and radiation damage are a concern. 
New phylics calculations indicate the peak heat flux may be 
-15MW/m . 

2. RF Heating and. Current Drive 

a. ICRH remains the preferred option for bulk heating to ignition, 
although worrisome problems (e.g. impurity production) remain. 

b. The data base for LH current ramp-up and transformer recharge 
is not yet adequate to justify reliance thereon to achieve 
basic design objectives, although provision should be made to 
incorporate LH and to take advantage of it in the event it 
works as hoped. 

c. Use of LH current initiation could reduce the required 
inductive voltage -35-11.-5V, with significant engineering 
impact. However, the data base is not yet adequate to 
justify reliance thereon. 

3. Transient Electromagnetics 

a. Active control coils located outside the torus shield but 
inside the TF coils are required to stabilize vertical 
displacements. 



b. Passive stabilization elements close to the plasma may 
not be required if the normal torus structure has adequate 
EM properties. Toroidal continuity does not appear to be 
required for FWBS. 

4. Maintainability 

a. There does not appear to be any significant advantage to be 
realized by replacing the present "personnel access" 
maintenance concept by a "totally remote" concept. 

5. Technical Benefit 

a. Partitioning the detailed design and fabrication of high 
technology components among the four partners so that all 
can benefit technically would increase the total cost by 
- 70%, increase the required staff by -15% and lengthen the 
construction and design schedule by about 2 years. 
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ATTACHMENT 

Department of Research and Isotopes 
Division of Research and Laboratories 

NOTIFICATION OF AN AGENCY-SPONSORED MEETING 

Title of Meeting: INTOR Workshop Session IX 

Dates Inclusive 21 May-1 June 1984 

Place: 807 

PARTICIPANTS AND 
DESIGNATING KEMBER STATES 
AND ORGANIZATIONS 

EURATOM 

G. Grieger 

H. Chazalon 

F. Engelmann 

F. Farfaletti-Casali 

ABROAD 

Kax-Planck-Institute for 
Plasma Physics 
0-8046 Garching 
FRG 

Max-Planck-Institute for 
Plasma Phyics 
0-8046 Garching 
FRG 

FOH-Institute for Plasma 
Physics 
Postbus 7 
Jutphaas, Nieuwegein 
NETHERLANDS 

Joint Research Centre 
Ispra Establishment 
1-21010 ISPRA (VARESE) 

ADDRESSES 

IN VIENNA 

Issue No.2 
22 Hay 1984 

Opening Meeting: 9:30 a.m. 

~esponsible Officers: H. Leiser 
A-2375 

A. shurygin 
A-230S 

FOR THE PERIOD 

21 Hay-1 June 1984 

21 Hay-1 June 1984 

21 Hay-1 June 1984 

21 Hay-1 June 1984 



M. Harrison 

A. Knobloch 

O. Leger 

E. Salpietro 

P. Schiller 

R. Verbeek 

s. 80ri 

N. Fujisawa 

Culham Laboratory 
Abingdon, Oxfordshire OX14 30B 
UK 

Max-Planck-Institute for 
Plasma Physics 
0-8046 Garching 
FRG 

CEN-Saclay, OESICP 
91191 Gif-sur-Yvette Cedex 
FRANCE 

Max-Planck-Institute for 
Plasma Physics 
0-8046 Garching 
FRG 

Joint Research Centre 
Ispra Establishment 
1-21010 ISPRA (VARESE) 
ITALY 
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A revised proposal (attachment 5) from the INTOR Steering Committee 
to the International Fusion Research Council (IFRC) of the IAEA was 
developed for the next phase of the INTOR Workshop. The principal 
objectives of this next phase, as proposed, would be to: 

a. stimulate and evaluate innovations that could lead to an improved 
tokamak reactor concept; and 

b. focus international effort on critical technical issues for next—
step tokamak experiments. 
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Attachment 1 

1 June 1984 

Revised 10/19/84 

TENTATIVE AGENDA 

SESSION X 

INTOR WORKSHOP PHASE IIA, PART 2 

OCTOBER 15 - 26, 1984 

Monday, October 15 

A.M. 	 Plenary Session 

• 	- 
P.M. 	 Exchange Reports 

Read Reports 

Coordinating Committee 

Tuesday, . October _1b_ 

A.M. 	 Group Discussions (A-E) 

P.M. 	 Group Discussions (A-E) 

Wednesday, October 17 

A.M. 	 Croup Discussions (F-H) 

P.M. 	 Group discussions (A-E) 

Coordinating Committee 

9:30 - 12:30 

13:30 - 14:30 

17:00 

17:00 

Thuisday, October 18 

A.M. 	 Group Discussions (F-H) 

P.M. 	 Group Discussions (A-E) 

Friday, October 19 

A.M. 	 Group Discussion (F-H) 

P.M. 	 Plenary Session 	 14:00 - 17:00 

Coordinating Committee 	 17:00 

Monday, October 22 

A.M. 	 Working Time (Drafting of critical issues and 	- 
and 	 data base detailed outlines, report content, etc.) .  
PM Critical Issue and Data Base final reports due to typists. 



A.M. Group Discussions 	(F-H) 8:30 - 10.30 

Group Discussions 	(A-E) 11:00 - 12:30 

P.M. Intergroup Discussion (led by G) 

Coordinating Committee 17:00 

Wednesday, October 24 

A.M. 	 Intergroup Discussion (led by G) 

P.M. Group Discussions (A-E) 14:00 - 16:00 

Group Discussions (F-G) 16:30 - 18:00 

Thursday, October 25 

A.M. 	 Plenary Session 

Group Discussions (F-H) 

P.M. Group Discussions (A-E) 

Group Discussions (F-H) 

Coordinating Committee 

9:00 - 10:30 

11:00 - 12:00 

14:00 - 15:30 

15:45 - 17:00 

17:00 

Design modification final reports due to typists. 

Friday, October 26 

A.M. 	 Working Time 

P.M. 	 Plenary Session 	 14:00 - 16:00 

1. Discussions in the groups in the first week should put emphasis on 

critical issues and data base assessment, so as to reach agreement 

at the end of the week on content and conclusion of the report 

and to develop a detailed outline and writing assignments for the 

critical issues and data bole chapters. 

2. The agreement is then drafted and due to typists by Monday, October 22. -  

3. The second week is devoted t) task of design modification. 

4. Tentative agreement on design modifications should be reached by 

Wednesday, October 24, and reported at Plenary Session in p.m. of 

Wednesday. After comments from Plenary Session and Coordinating 

rnmmirraa final nevr.e.mnrsp ^, 



PHASE 2A, PART 2, SESSION X — INTOR WORKSHOP ORGANIZATION 
	

(15th October 1984) 

Chairman EC Japan USA USSR 

A. Impurity Control 
and First Wall 

Post Harrison 
Schiller — VC 
Leger 

Fujisawa 
Seki 

Post 
Mattas 

Pistunovich 
Serebrennikov 

B. RF Heating and 
Current Drive 

Engelmann Engelmann Sugihara 
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IAEA-CN-44/G -I -2 

OVERVIEW OF THE INTOR WORKSHOP 

ABSTRACT 

This paper summarizes the present status of activities being 
carried out in the INTOR Workshop. The present INTOR design 
concept is described. Preliminary results from the ongoing 
critical issues studies and data base assessment are discussed. 

1. INTRODUCTION 

During the present Phase 2A, Part 2 the INTOR Workshop is 
examining several critical technical issues which affect the 
feasibility or cost of a next generation tokamak experiment, is 
reassessing the physics and technology data bases which support 
such an experiment, is evaluating the technical and financial 
benefit that would result from an international project, and is 
evolving the INTOR design concept on the basis of the results of 
the critical issues studies and the data base assessment. The 
present phase of the Workshop began in mid-1983 and runs through 
mid-1985; so this paper represents an interim report on the 
status of work in progress. 

2. INTOR DESIGN CONCEPT 

INTOR has the objectives of being the maximum reasonable 
step beyond the present generation of large tokamaks, of 
operating in a reactor relevant mode, of incorporating reactor-
relevant technologies, and of providing a facility for 
engineering testing. The reference INTOR design concept was 
developed during Phase One [1] and modified during Phase Two 
A, Part 1 [2]. This concept is characterized by the parameters 
given in Table 1 and by the cross section view given in Fig. 1. 
The concept will be further evolved during the present phase 
of the INTOR Workshop. 

3. IMPURITY CONTROL 

The INTOR impurity and particle control system must be able 
to exhaust both the alpha particle heating power (-120MW) azd 

the alpha particles themselves (2 X 1020 He atoms/sec). This 
must be done in such a way as to keep the plasma reasonably free 
from impurities and provide a reasonable component lifetime. 
The helium "ash" must be removed with reasonably sized pumping 
systems. The major candidate systems which have been studied are 



poloidal divertors and pumped limiters. These studies have 
consisted of an assessment of the experimental and engineering 
data base for impurity control systems based on current 
experiments, the use of sophisticated computational models to 
extrapolate to the operating parameters and performance of INTOR, 
and the development of an engineering concept for the design of 
such a system for INTOR. 

The major impurity control problem is likely to be sputtering 
of the collector plate materials by energetic plasma ions and 
charge exchange neutrals. This problem can be reduced or even 
eliminated if the energy of the ions and neutrals can be reduced 
to a value below the sputtering threshold of potential collector 
plate materials. Both modelling calculations and experiments 
on ASDEX, D III and PDX indicate that this can be accomplished by 
the use of a suitably designed poloidal divertor. A cool, dense 

plasma (n
e210

14
m

3
, T

e
430eV) can be produced near the collector 

plate by intense, localized recycling of the plasma and neutrals. 
The experiments and models also indicate that this "high-recycling" 
type of divertor can be produced in an open geometry ("expanded 
boundary") compatible with the placement of the poloidal field 
coils outside the toroidal field coils. The low temperature of 
the diverted plasma minimizes the erosion, and the high density 
of the plasma provides a high neutral density which eases the 
helium pumping speed requirements. 

An impurity control system based on a pumped limiter would be 
cheaper and simpler than a divertor in that it would require less 
space inside the vacuum vessel and a smaller and lower current 
poloidal field system. However, it was concluded, based on 
current experiments and modelling, that the production of a cool 
plasma edge with a limiter was.not the most likely operating 
regime for INTOR. The most probable edge temperature with a 
limiter is expected to be 100-200 eV, and the net sputtering 
rates, even taking into account redeposition of the sputtered 
material back onto the limiter, would be too large to be 
acceptable from either the standpoint of erosion lifetime or of 
impurity contamination of the main plasma. It is possible that the 
edge temperature could be reduced, either by intense recycling or 
by some flow reversal mechanism which caused the impurities to 
accumulate in the plasma edge region and radiatively cool it, but 
the available evidence does not yet support such a possibility. 

The engineering studies have primarily concentrated on the 
design of limiter and divertor collector plates. The materials 
for these plates must withstand high particle and heat fluxes 

20 
particles/per cm and 3-5 MW/m

2 
(10 	 ) as well as a large flux 
of 14 MeV neutrons. They must be resistant to erosion losses and 
radiation damage, and not be a source of contamination to the 
main plasma. No one material satisfies both the surface sputtering 
and plasma contamination requirements, and the resistance to 
thermal stresses, etc., necessary for high rates of heat removal. 
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Thus, the designs have incorporated a plasma side material with 
good sputtering and impurity contamination properties attached 
to a structural material selected to meet the strength and 
radiation damage requirements. For the limiter design, Be is the 
preferred plasma side material due to its low Z, low self-
sputtering rates and high thermal. conductivity. The preferred 
plasma side material for the divertor is W, since the sputtering 
rate for a 20-30eV plasma would be negligible. The preferred 
structural material is a copper alloy. These alloys are readily 
available, easily fabricated, and compatible with water cooling. 

As long as the peak heat flux is on the order of 4 MW/m 2 
or less, 

both the limiter and divertor systems can have adequate heat 
removal. The major remaining materials question is the long term 
degradation of the material properties of the system components 
due to radiation damage. 

Based on these considerations, the INTOR reference impurity 
control system is a poloidal divertor. The poloidal divertor 
is preferred because of the low sputtering rate of the collector 
plate produced by the cool, dense diverted plasma compared to 
the higher sputtering rates expected for the higher temperature 
plasma incident on the limiter. The experiments on D-III, ASDEX, 
and PDX confirm the existence of the cool diverted plasma, and 
the models used for INTOR show good agreement when used to analyze 
the experiments. Thus the poloidal divertor provides a highly 
credible impurity control system for INTOR. While the pumped 
limiter is less promising, it is retained as the back-up option, 
and experience on JET, TFTR, and other machines will contribute 
to the ultimate choice between the divertor and limiter. With 
the short compact design of the divertor, it takes only -10% 
more space than a limiter. 

4. RF HEATING AND CURRENT DRIVE 

For INTOR, RF waves are considered for bulk heating to 
ignition, non-inductive current drive and start-up assist (plasma 
formation and preheating, current initiation, profile control). 

4.1 Bulk Heating 

For bulk heating to ignition, fast magnetosonic wave 
heating in the ion cyclotron range of frequencies was chosen 
as the reference method. This choice is based on potential 
technical and economic advantages of an RF system with 
respect to a neutral beam system. Moreover, among the various 
possible RF heating methods (Alfven wave, fast magnetosonic wave, 
ion Bernstein wave, lower hybrid wave and electron cyclotron wave) 
the fast wave heating approach was chosen since it is at present 
the moat developed method. The most attractive heating mode is 
heating of deuterium at the second harmonic frequency (85 MHz) 



which permits single pass absorption in the parameter range 
encountered during the heating phase except during the cool (a 

few keV) and rarified around (5 x 10
19
m
73

) plasma close to the 
ohmic regime; in this case, single pass absorption can still 
occur, if important for efficient heating, by using a small 
concentration of protons in the deuterium plasma in a mixed 
proton minority/second harmonic deuterium heating scheme. Up to 
3.2 MW of second harmonic heating power has been applied in PLT, 

resulting in heating efficiencies of 3eV/kW/10
19
m

3 
and achieving 

central ion temperatures of 3.2 keV. 

In principle, overall power requirements could be further 
reduced by the production of sufficient thermonuclear power from 
second-harmonic-produced deuterium tails during the heating 
phase; however, the competition between proton minority and 
second harmonic deuterium heating will determine the effectiveness 
of the deuterium+tail generation. The heating power required (in 
the absence of D tail formation) is estimated to be 60 MW, 
including 10 MW for redundancy. 

Plug-in launcher concepts were developed, both for antenna 
array and for waveguide systems. The critical issues of the 
scheme are, from a physics point of view, the impurity production 
during heating encountered in present-day tokamaks as well as the 
impact of heating on confinement and, as far as launcher technology 
is concerned, the design and lifetime of the Faraday shield and the 
ceramic vacuum barriers. 

4.2 Current Drive 

Non-inductive current drive would allow reduction of fatigue 
problems by going to longer pulse length, but is anticipated to 
require large power (> 100 MW) if applied at reactor-grade plasma 
density. Therefore, rather current ramp-up and recharging the 
transformer while the plasma current is sustained non- 

inductively, at low plasma density (-10 19
m

3
) and temperature 

(-lkeV), is under consideration for INTOR. Among all possible 
candidates for non-inductive current drive, lower hybrid current 
drive has by now the most solid experimental data base and thus 
is the preferred scheme. For current ramp-up and transformer 
recharging, a power of 10 MW to be applied for about 10-100 s is 
anticipated to be needed; the required wave frequency is around 
2 GLiz. For launching lower hybrid waves, waveguide grill arrays 
integrated into a plug-in module were conceived. Avoiding break-
down in the wave guides by applying an appropriate surface 
treatment is an important issue here. 

The present position with respect to using non-inductive 
current drive on INTOR is that INTOR should be prepared to 
operate with lower hybrid current ramp-up and transformer 
recharging with a burn pulse length of about 1000 s, but that it 
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should not rely on it, because of the considerably increased 
physics risks: 1) a burn pulse length of Z 1000 s corresponds 
to times equal to or larger than the global classical skin time; 
therefore current profile control, presently not available, might 
be indispensable; and 2) the experimental and theoretical data 
base for the scheme is still insufficient for a quantification 
of all operational constraints. 

4.3 Start-up Assist 

For start-up assist, the reference choice for INTOR has been 
the use of electron cyclotron waves, because of their proven 
effectiveness for plasma formation and pre-heating as well as 
profile control during the current rise phase. A frequency of 
140 GRz and a power of 10 MW is required. Concepts for plug-in 
launchers for electron cyclotron waves using wave guide or quasi-
optical systems for power transmission were developed. The most 
critical technical problem is developing a reliable ceramic window 
for the transmission line, apart from the necessity to provide 
power sources of reasonable efficiency for the frequency range in 
question. A weak point of this solution for start-up assist is 
that there is presently no sufficient data base for non-inductive 
current initiation by electron cyclotron waves. The suitability 
of lower hybrid waves for this function (as well as for plasma 
formation and pre-heating) has recently been demonstrated and 
could prove feasible for INTOR. 

As the data base develops, it will be desirable to reduce the 
number of auxiliary devices on INTOR that are applied to fulfill 
the different functions to a minimum, possibly one. 

5. TRANSIENT ELECTROMAGNETICS 

Transient electromagnetic effects impact tokamak design 
requirements for start-up, plasma stabilization, and the ability 
of the torus components to withstand the forces and voltages 
induced during plasma disruption. The most favorable design 
characteristics in each of these areas is often in conflict with 
desirable features in the other areas or with constraints imposed 
by other subsystems. 

5.1 Start-up 

Penetration delay times have been shown to differ by as much 
as an order of magnitude for the equilibrium field and electric 
field, depending on geometry, rates of change of fields and 
die*ribution of resistance in the torus. 

The resistance of sector walls around blanket/shield sections 
relative to the resistance between sectors (e.g.-bellows) has a 
strong influence on the penetration of the equilibrium field 
because the EF is inductively well-coupled to both toroidally 
continuous eddy current paths and to saddle type induced current 
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paths which do not require toroidal continuity. On the other hand, 
the OH flux, which is the source of the electric field required for 
the plasma, is well coupled to toroidally continuous paths, but not 
to the saddle paths, so it is not strongly influenced by the 
resistance distribution azimuthally but only by the "average" 
level of the resistance. As a result, the study of start-up and 
radial position control field requirements remains an area of 
intense interest and requires better definition of the 
specifications to be imposed on the torus configuration, PF coil 
and plasma current scenario. 

5.2 Vertical Stabilization 

Recent operating scenarios for INTOR have considered the use 
of separate control coils to provide active vertical stabilization 
of the plasma. A rapid vertical plasma displacement would be 
initially restrained by fields due to the eddy currents induced 
in passive elements, then the set of active coils would be 
excited to provide the required field. This would limit the 
response time needed for the power supply and effect the power 
required for the control coils. 

Codes are being used which allow modeling of complex passive 
elements and selected active coil locations with specified feed-
back control laws and "rigid" plasma models which can move 
vertically. Effort has also been started using deformable plasma 
models with distributed currents. In general, it has been shown 
that: 1) location of the active control coils outside the bulk 
shield results in an acceptable power requirement for the fast 
feedback circuit, provided that; 2) a passive element is located 
in close proximity to the plasma; 3) the torus structure may 
be capable of providing the necessary passive stabilization with-
out the requirement for additional conducting elements; and 4) 
toroidal continuity of the active or passive components is not 
a necessary requirement, so that sectored or saddle-shaped 
geometries may be used effectively. 

Analyses have also been carried out based on a single general 
stabilization circuit with gain, leading and lagging control time 
constants and a rigid filamentary plasma. Although oversimplified, 
the model leads to a concise statement of stability requirements 
in terms of dimensionless parameters which show: 1) active 
feedback is required and must exceed a threshold level; 2) the 
passive characteristics must exceed a threshold level which 
becomes more stringent as lagging control time constants increase. 

For the special case where the generalized single circuit 
consists of two series opposing circular loops symmetrically 
located above and below the z 0 plane, the stabilization 
criteria can be reduced to determine locations for which loops are 
effective. 
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Future effort will involve 
characteristics, integration of 
and further code development to 
vertical control problem with a 
plasma. 

5.3 Disruption 

improved modeling of power supply 
the active coils into the design, 
treat the combined radial and 
distributed current, deformable 

The rapid decay of magnetic flux associated with a plasma 
disruption induces currents in, and voltages between, conducting 
bodies which are nearby. Recent design concepts utilize toroidal 
shells, shell segments or limiters near the plasma which are 
divided into sectors for assembly and maintenance purposes or to 
reduce eddy current em loads. The sectoring, however, results in 
gaps which must withstand the voltages during disruption without 
arcing. 

The currents, loads and voltages associated with disruption 
have been estimated with models using a stationary, distributed 
current plasma as a current source. Toroidal and poloidal induced 
currents interact with the applied fields and their self fields to 
produce overturning moments and components of force in various 
directions. Results indicate that the distribution of these loads 
is strongly dependent on toroidal continuity and sector geometry 
and that the loads are non-trival, but manageable. 

The minimum voltages across gaps to initiate discharge (25-
50 V) and to sustain arcing (10-20 V) have been estimated on the 
basis of a preliminary survey of experimental data. Estimates 
for the voltage generated across sector gaps during disruption 
can also be in this range, depending on sector geometry, 
resistance distribution, and plasma current decay model. The 
development of a specification for the voltage across gaps is 
necessary and will require model validation and experiments 
with realistic plasma conditions near a gap. 

6. PHYSICS DATA BASE 

Since the studies of INTOR Phase One, a large amount of 
experimental and theoretical work has contributed to clarify the 
main plasma physics issues. Nevertheless, additional efforts are 
needed to complete the INTOR data base. 

6.1 Stability 

Several tokamak experiments have shown that the beta limit is 
soft, with satui_tion of beta when the heating power increases. 
The highest beta value (4.6%) was attained in Doublet-III. The 
highest poloidal beta, achieved in ASDEX, is g = 0.65 A. These 

experimental values of beta do not exceed the theoretical ideal 
n = = ballooning stability limit, but possibly are slightly above 
the low-n kink instability limit. The reference value of beta 
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for INTOR (5.6%) thus is not yet supported by existing data. Low 
q
o 

operation, as achieved in some small size tokamaks, increasing 

the plasma current or optimizing the geometrical configuration may 
be necessary to achieve the INTOR reference beta. 

The density limit in tokamaks is frequently expressed in 

terms of the Marakami scaling n c  = CBT/R. C values of 10 20  m-2T-1  

were reported for PDX, ISX-B, D-III at low q. This is close to 
what is needed for INTOR. 

If the plasma operates outside the stability region, . 
disruptions will occur. Major plasma disruptions are described 
theoretically as a nonlinear mixture of helical modes which build 
up and cool the plasma because of enhanced thermal conductivity. 
Accurate control of the plasma current and density profiles can 
help to diminish the disruption probability. 

6.2 Confinement 

The scaling of the energy confinement in ohmically heated 
plasmas is rather clear now. The ion heat transport is very 
close to neoclassical. However, the more important electron 
heat transport is much higher than neoclassical and empirically 
is described fairly well by neo-Alcator and by T-11 scalings. 
These scalings predict 5 sec for the energy confinement time 
of an ohmically heated INTOR discharge. 

As for auxiliary heated plasmas, the experimental data 
are not converging so well. As compared with ohmic heating, a 
deterioration of confinement in the so called L-regime is 
evident; the confinement time decreases with the input power, 
increases with the current and is weakly dependent on the density. 
The H-regime has a factor of two better confinement, and in some 
cases the favorable density dependence of ohmically heated plasmas 
is restored. The energy confinement time is beta-dependent near 

the beta limit. Assuming a temperature dependence TE-T
1/2 

as 

seen in the T-I0 and T-11 experiments and starting from the T-11 
scaling, the confinement time in INTOR can reach the reference 
value of 1.4 sec. Even assuming the rather unfavorable empirical 
correlation of Goldston and Kaye, with a multiplicative factor 
of two to account for H-mode, the confinement time in INTOR 
can reach the reference value. 

The particle bulk confinement dime is usually 3 to 5 times 
larger than the energy confinement time; the experimental values 
of the momentum confinement time are of the order of the energy 
confinement time. 
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6.3 Neutral Beam Heating and Current Drive 

Neutral beam injection continues to be a promising back-up 
option for plasma heating in future large tokamaks. For current 
drive by neutral beam in INTOR-like devices, about 100 MW at 1 
MeV would be required during the burn phase. 

6.4 Equilibrium Control 

Plasma position and shape control does not seem to be 
subject to major plasma physics uncertainties. To diminish 
the vertical and horizontal displacements, fast active control 
coils seem to be needed. 

6.5 Burn Control 

There are several mechanisms for controlling the plasma burn 
temperature, namely the toroidal field ripple, beta limits, 
compression-decompression, high Q-operation, and fueling. How-
ever, the optimal way of burn control is not clear yet. 

7. ENGINEERING AND NUCLEAR 

7.1 Maintenance Philosophy 

Maintenance considerations for INTOR were established at the 
outset of the INTOR design studies as a fundamental consideration 
in the development of the design concept. A philosophy was 
adopted based on remote maintenance when the torus must be opened 
and upon "hands-on" maintenance for operations external to the 
torus, with personnel access possible to the outside of the torus 
24 hours after machine shutdown. Implementation of this philosophy 
has led to a modularized design concept, and designing to achieve 
the required access has had a significant impact on the design 
of the tokamak systems. 

7.2 Mechanical Configuration and Maintenance 

The original mechanical configuration concept was based on 
the use of oversized TF coils in order to accomodate a 
relatively straight-forward assembly/disassembly procedure in which 
the number of torus sectors was equal to the number of TF 
coils. A significant improvement in reducing the size of the TF 
coils has been made in the recent INTOR design study. The present 
TF coils have a bore size of 6.6 m x 9.3 m. Twelve blanket 
sectors are assembled with straightline horizontal motion through 
windows between TF coils. St Lpermanent inboard, upper and 
lower shields form the primary vacuum boundary of the inner 
surface. The final closure of the vacuum boundary is made on the 
outer interface of each removable torus sector and semipermanent 
shield. All superconducting coils are placed in a common cryostat 
except for the lower outboard PF coil. 
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It has been recognized that the emphasis upon maintainability 
is one of the major factors in determining the mechnical 
configuration. The requirement of a relatively simple torus and 
divertor assembly/disassembly procedure led to somewhat larger TF 
coils than was required to meet the ripple criteria. The 
requirement of maintainability led also to a choice of an all-
external PF coil system. The requirement of personnel access for 
maintenance led to considerably more outboard shielding than would 
be necessary for component protection. An additional shield of 
approximately 50 cm is required. 

During the present phase of the INTOR Workshop, two design 
concepts are being compared; one where personnel access is 
allowed for maintenance 24 hours after shutdown, and the other 
where personnel access is forbidden, demanding fully remote 
operations for all maintenance activities. A preliminary 
conclusion drawn from this study indicates that a minimum outboard 
shield design does not necessarily improve the all-remote design. 
A reduction in the outboard shield thickness to achieve the 
minimum reactor size for the all-remote design appears to result 
in a significant increase in the reactor building wall thickness, 
reactor hall activation and nuclear heating to the TF coils. There 
does not appear to be any significant advantage to be realized by 
replacing the present "limited personnel access" maintenance 
concept by a "totally remote" concept. 

7.3 First Wall and Blanket 

Extensive analysis supports the design of the first wall, 
blanket and shield. A water-cooled stainless steel first wall 
is predicted to last the full lifetime of the device, provided 
that localized melt layers which may result during a plasma 
disruption are stable. 

A tritium producing blanket having solid breeding material 
covers the outboard and upper surface of the plasma chamber and 
would produce more than 60Z of the tritium to be consumed in 
INTOR. Li

2
0 has been adopted as the breeding blanket material. 

The recommended temperature range for tritium recovery is 400 °C 

to 650°C. An estimated tritium inventory in the blanket is in 
the range of 0.3 kg to 1 kg. Extensive studies are also being 
made on other candidate materials for the blanket, such as Li

2
SiO

3 and Li
17

Pb
83. 

7.4 Tritium Permeation 

Investigation of tritium permeation and inventory in the 
first wall, limiter and divertor indicated large uncertainties in 
a number of areas. The present best estimate for the steady-state 

tritium permeation rate to the coolant is in the range of 10
2 
 -

104 Ci/day. However, several methods for separating tritium from 



the coolant are available. Since the capital and operating costs 
of such a separation system are strongly dependent on the process 
flow rate, which is proportional to the permeation rate and varies 
inversely with the allowable tritium concentration in the coolant, 
a reassessment of the date base for predicting the permeation rate 
and inventory is being made. 

8. TECHNICAL BENEFIT 

All the participants in a collaborative international project 
of the INTOR type would undoubtedly want to receive the technical 
benefit that would result from developing and manufacturing the 
technologically advanced components, as well as the financial 
benefit that would result from sharing the costs. The Workshop is 
evaluating the technical feasibility of partitioning the detailed 
design, fabrication and construction tasks in such a way that all 
partners would participate in all technologically advanced aspects. 

The modular character of moat advanced technology components 
in INTOR - such as superconducting coils, torus sectors, RF 
heating launchers and others - would suggest exploiting this 
modularity for developing that experience. International 
partitioning in design/fabrication/construction of INTOR implies 
some obvious advantages deriving from only one international INTOR 
(reduced overall cost) versus four independent similar national 
experiments, and also some disadvantages (more demanding 
management co-ordination and control requirements, some delay in 
schedule). 

Relative to a single national project carried out by domestic 
industry, an international project in which the detailed design 
and fabrication of all high technology components was partitioned 
among four partners would cost about 70% more and would require 
about two years longer to design and construct, because of the more 
complex project management requirements. On the other hand, each 
of the four countries would realize the technical benefits of 
constructing and operating an INTOR type experiment for only about 
40% of the cost of building and operating such an experiment 
unilaterally. 
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TABLE 1. INTOR DESIGN PARAMETERS 

GEOMETRY 

Chamber major radius, R 	 5.2 m 
Plasma radius, a 	 1.2 m 
Plasma elongation, K 	 1.6 
Plasma aspect ratio, A 	 4.4 

PLASMA 

Average beta, 	 5.6Z 
Poloidal beta, 	 2.6 
Average ion temperature, <Ti> 	 10 KeV 

Average ion density, <ni> 	 1.4 X 10
20
m
-3 

Energy confinement time, T E 	 1.48 

Plasma current, Ip 	 6.4 MA 

Field on chamber axis, BT 	 5.5 T 

Safety factor (separatrix), q I 	 2.1 

Peak thermonuclear power, Pth 	 620 MW(th) 

Neutron wall load, Pn 	 1.3 MW.m
2 

OPERATION 

Burn time, Stage I/Stages II and III 	100/200 s 
Duty cycle, Stage I/Stages II and III 	70/802 
Number of pulses (lifetime) 	 7 X 10 5  1  
Neutron fluence 	 -3MW.y/m` 

HEATING: ICRF 

Power at start-up 	 50 MW 
Frequency 	 85 MHz 

FUELLING 

Method 	 Pellet injection and 
gas puffing 

IMPURITY CONTROL 

Method 	 single-null 
poloidal divertor 

Power to divertor 	 80 MW 
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TABLE 1. (cont.) 

FIRST WALL 

Power to first wall (excluding neutrons) 
	

44 MW 
Material 
	

Water-cooled 
SS316 

BREEDING BLANKET 

Material 
	

D
2
0 or H

2 
 0,SS316 

Li20 

SHIELDING 

Inboard (non-breeding blanket and shield) 	1.1 m 
Outboard (breeding blanket and shield) 	 1.5 m 

TRITIUM INVENTORY 

Breeding blanket 	 0.5-1.0 kg 
Storage 	 2.3 kg 
First wall/divertor 	 0.1-1.0 kg 
Tritium handling systems 	 1.4 kg 

TOROIDAL FIELD COILS 

Number 	 12 
Bore 	 6.6 m X 9.3 m 
Conductor 	 Nb

3
Sn and/or NbTi 

Stabilizer 
	

Cu 
Maximum field 	 _UT 

POLOIDAL FIELD COILS 

Total flux 	 110 V it 
Breakdown voltage 	 35V for 0.3 s 
Location 	 external to TF 

coils 
Conductor 	 NbTi 
Maximum allowable field 	 8 T 

POWER SUPPLIES 

Stationary loads 
	

200 MW 
Pulsed energy storage 
	

14GJ 
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Figure 1. INTOR Phase II Design 



INTERNATIONAL ATOMIC ENERGY AGENCY Attachment 4 

DITEROFFiCE MEMORANDUM 

TO: 	 INTOR Participants 
	 DATE 25 October 1984 

OUR REF.* 

F-14034: 
	 Steering Committee 	

-VOW % ALIr.s 

SyS IEET : . Recommended Design Concept Modifications 

1. Based upon conclusions from the critical issues studies and the data 
base assessment, a set of recommended design concept modifications 
has been formulated (attachment 1). 

2. The indicated groups in attachment 1 are requested to define hoinework 
tasks to develop a modified INTOR design concept based on the recom-
mended changes. The effort on each task should be at least at the level 
of scoping studies to determine consistency:at the -first level of detail, 
although more detailed work is appropriate in some cases. 

3. The basic"philosophy of the main changes is: 
a) -so- -reduce -the -s-ize and-cost-where-possible,-without 

sacrificing capabilities; 
b) -to -incorporate -LH -current -ramp-up -and -transformer -recharge 

capability, while retaining the full volt-second 
. .capability; 	 _ 

c) to utilize the LH current ramp-up, if it proves out, to 
. increase the _plasma current; 	_ 

d) to take advantage in the future of the increased plasma current, 
if realized, to improve the confinement potential; and 
0 to improve the potential for achieving the minimum required 	, 

if it is not pbssible to improve upon the present 	- limitations; or 
ii) to realize higher # and be able to reduce the toroidal magnetic 

field. 

- 4. The major tasks of the homework until the next session shovld be the 
design modification tasks and writing the critical Issue and data base 
chapters. 



RECOMMENDED DESIGN MODIFICATIONS 

1. Non-inductive current ramp-up and transformer recharge with LH should 
be incorporated. The full present volt-second capability should be 
retained. (A,B,C,G) 

2. RF startup assist should be incorporated into the design. Maintain 
35V loop voltage requirements. (B,C,G) 

3. The plasma current should be increased to 8 MA. (C,F,G) 

4. The inboard shield thickness should be decreased by 10-15 cm. (G,H) 

5. The major radius should be reduced to 5.0 m. Consider reducing inboard 
shield thickness, increasing current density in TFC and increasing field 
in OHC. Do not reduce transformer flux capability. (G,C,F,H) 

6. The 2 operating scenarios (inductive 6.4 MA & non-inductive 8.0 MA) 
should be optimized to minimize PFC power supply requirements. (B,C,F,A) 

a. extend heating time 6-$-15-20s. 

b. extend current ramp-up time. 

c. extend cool-down time 6-I■15-20s. 

d. extend current ramp-down time. 

7. The modified poloidal divertor (shortened) should be incorporated. (A,G) 

8. Active control coils should be incorporated. (C,G) 

9. A tritium-producing blanket covering -60% of the plasma chamber surface 
area on the top and outboard should be retained. (H) 

10. The TFC size should be reduced to the ripple limit of + 1.2%. (G) 
Maintain 12 TFC 

11. The fluence should be 3 MW.y/m
2 

(H) 

12. A design concept and performance analysis should be prepared for the 
impurity control system. (A) 

13. A design concept and performance analysis should be prepared for the 
rf heating, current-drive and startup assist systems. (B) 

14. Alternate config. maint. & assy. schemes. Investigate (scoping) this 
phase, with aim of possibly changing in next phase. (G) 
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Attachment 5 

10/26/84 

DRAFT 

RECOMMENDATION ON CONTINUATION OF INTOR WORKSHOP 

TO IFRC FROM INTOR STEERING COMMITTEE 

The activities of the INTOR Workshop since its inception have been 

in three principal areas: 

1) the development of a concept for a next-step tokamak 

experiment; 

2) assessment of the worldwide scientific and technological 

data base that would support such an experiment; and 

3) concentrated analysis of certain critical technical 

issues that affect the feasibility of this next-step 

tokamak experiment. 

The evolving INTOR design concept has served to define the requirements 

for a next-step tokamak experiment and has served to advance the design 

concepts for a number of components and systems; these requirements and 

concepts have guided a number of national design efforts as well. The 

results of the present phase will again define an international consensus 

on the characteristics of a next-step tokamak experiment which could be 

initiated within the next few years. The data base assessment and definition 

of required R & D'has stimulated and guided R & D programmes worldwide. 

The critical issues studies have focused international effort on the most 

important technical issues faced by a next-step tokamak. 
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We propose a continuation in the above three principal areas for 

the next phase, but with a modification in effort and a major change in 

emphasis and guiding principles in the first area. Up through the present 

phase, INTOR has been conceived as the "maximum reasonable step" beyond 

the present generation of large tokamaks and has been based upon science  

and technology that could be reasonably extrapolated from the present data  

base. As•such, INTOR represents the next logical step based upon a 

projection of present line of thought in tokamak physics and the associated 

technologies. This type of design concept will be retained as the 

reference INTOR concept, but the emphasis in the concept development area 

will change to address other issues, as discussed in the following paragraphs. 

Progress in fusion research has now reached the threshold of demonstrating 

physical feasibility, which has stimulated anew the discussion of whether 

a fusion reactor based upon projections of the present thinking in tokamak 

physics and the associated technologies represents the maximum ultimate 

potential of fusion. This discussion, in turn, raises the question of 

whether or not the present INTOR concept is the proper step along the path 

to the most attractive end product of fusion development. It is possible 

to conceive of more attractive physics parameters and technological solutions 

for tokamak reactors which are not yet reasonably extrapolatable from the 

existing data base. 

Furthermore, it now appears likely that a major next—step tokamak 

experiment will only be initiated, either unilaterally or internationally, 



after the essential information is obtained from the present generation 

of large tokamaks, which is expected late in this decade. 

These circumstance make it appropriate to recommend that a significant part of 

•emphasis in the INTOR workshop be changed, temporarily, to conceiving more innovati 

concepts that would lead to a more attractive end product (e.g. eventual 

tokamak reactor), even if such concepts are not supported by reasonable 

extrapolation from the present data base. In this regard, essential 

functions of the INTOR workshop during the next phase would be to: 

1) seek out and stimulate innovations that would fundamentally 

improve the tokamak as a reactor concept; 

2) evaluate such innovations and others within an overall systems 

context by assessing their impact on the (reference) INTOR design concept; 

3) define and stimulate the R & D required to determine if the 

innovations with a large favourable impact are technically 
• 

feasible; 

4) develop an "innovative" design concept for comparison with 

the INTOR design concept for a next generation tokamak experiment; and 

5) evaluate how the INTOR design concept could be improved by 

those innovations which are supported by a reasonable extrapolation 

from the then-existing data base or how INTOR could be used, as a test bed 

for those favourable innovations which are not yet so supported, 

thus making the INTOR design a more suitable step towards the 

most attractive end product. 

6) provide a somewhat more detailed and updated definition of a DEMO 

and evaluate whether INTOR will still be able to fulfill its function 

as the single step between the present generation of large tokamaks 

and DEMO. 
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We further recommend that the INTOR workshop continue the studies 

on the most critical technical issues, with some modifivations in scope 

of effort. These activities are important for the advancement of any next-

step tokamak experiment, be it "innovative" or "standard". Through these 

activities the INTOR workshop provides an important focus for technical 

studies in critical areas. The workshop will keep under continuous 

review new developments in the scientific and technological data base. 

The length of the next phase should be two years, from July 1985 through 

June 1987. Four to five working sessions of two to three weeks duration are 

envisaged, with the possibility that an additional short session may be 

necessary after this period for proofreading the report. The present 

workshop mode of operation should be continued, and about the same number 

of participants (eight per partner) should be involved. The home base effort 

should be at the level of previous phases. 

The results of the next phase will be documented in a report to be 

published at the end of the phase. 

The recommended tasks of the workshop are discussed in more detail 

in the attachment. 



TASKS PROPOSED FOR NEXT PHASE OF INTOR WORKSHOP 

1. 	Tokamak Concept Improvements  

(a) The Workshop will undertake to stimulate the origination of 

innovations that will significantly improve the prospects of 

tokamak development leading to an attractive end product — a 

viable tokamak reactor. For the most part, such innovations 

will not be supported by the existing data base. Examples 

may be the following: first—wall design and replacement 

procedures that allow rapid replacement; highly shaped plasma 

cross sections to access the second stability regime; mechanisms for 

steady—state current drive; mechanisms for elimination of disruptions; 

advanced superconducting magnets that can operate at higher temperature! 

non—organic magnet insulators that can tolerate higher radiation 

doses; higher strength structural materials that can tolerate 

higher heat fluxes and neutron fluences; low activation 

materials; etc. 
• 	• 

(b) The innovations will be evaluated by assessing their impact 

on the INTOR design concept and by projecting their benefit to 

a future tokamak reactor concept. The net benefit of each 

innovation will be evaluated, taking into account impact on 

other components. 

(c) For those innovations with a large favourable impact, the 

R & D that is required to determine the feasibility of the 

innovation will be identified. 

(d) Towards the end of the next phase, those innovations that would 

significantly improve a tokamak reactor will be collected, an 

evaluation will be made of which of these innovations could 

conceivably be supported by results from an R & D program by 



the early part of the next decade. These latter inovations will 

then be incorporated into an "innovative", alternative design concept. 

(e) An evaluation will be made of how the INTOR design concept: 

(i) would be improved by those favourable innovations which are supported 

by a reasonable extrapolation from the then-existing data base; and 

(ii) could be used as a test bed for the other favourable innovations 

which are not so supported. 

(f) A somewhat more detailed and updated definition of DEMO will be pro-

vided and an evaluation will be made of whether INTOR will still be 

able to fulfill its function as the single step between the present 

generation of large tokamaks and DEMO. 

2. Critical Issues  

Continuing its present work, the INTOR workshop will focus international 

resources on six critical technical issues, concentrating upon the most 

essential aspects of the following: 

(a) Beta - Analysis and optimization studies focussed on defining practical. 

ways by which beta values larger than that which would be inferred 

from the present data base can be achieved in INTOR. Analysis of 

engineering impact upon INTOR design concept of achieving such 

configurations. 

(b) Impurity Control - Analysis of poloidal divertor, pumped 

limiter and innovative schemes, Review of experimental data 

(plasma, atomic and surfact physics) and comparison with 

calculations. Development and comparison of advanced computer 

models for divertors, pumped limiter, scrape-off region, impurity 

transport interaction of the impurity control system with the bulk 

plasma, etc. 

(c) RF Heating and Current Drive - Analysis of RF bulk heating, 

current drive and start-up assist. Review of experimental data 

and comparison with calculations. Development and comparison 

of advanced computer models for rf penetration, heat deposition. 



current drive, current initiation, profile control, etc. 

Examination of innovative current-drive mechanisms. 

Applications to next-generation tokamak plasmas. Development 

of launcher concepts. 	Extention of work initiated in current 

phase of INTOR workshop. 

(d) Transient Electromagnetics - Analyis of transient electromagnetic 

effects (involving the coil systems, torus structure and plasma) 

associated with start-up, stabilization and disruptions. Development 

and comparison of advanced computer models. Extension of computer 

model to include distributed current, deformable plasma models. 

Extension of studies to include disruption control and start-up 

as well as vertical stabilization and shape control. Development of 

criteria for torus EM requirements. 

(e) Configuration and Maintenance - Examine innovative concepts 

for configuration, assembly and maintenance that would fundamentally 

improve the tokamak concept. Examine schemes for rapid replacement 

of limiter/divertor and first-wall. 

(f) Blanket and First Wall - Evaluation of a broad range of blanket 

concepts for INTOR, eventually selecting one preferred concept. 

Continued development of concepts and lifetime analysis methods 

for first wall (including limiter and divertor) components. 

Comparison of calculational models,nuclear data, etc. 

3. Data Base Assessment  

New worldwide experimental and theoretical results in tokamak 

plasma physics and related technologies will be kept under continuous 

review. 



PROPOSED ORGANIZATION OF INTOR WORKSHOP DURING THE NEXT PHASE 

Tentatively, the INTOR Workshop would be organized during the next phase 

into six critical issue groups and two disciplinary groups, with tasks as 

follows. Each member of the Workshop would belong to one or more critical 

issue group and one disciplinary group. Intergroup meetings will be an 

essential feature of the organization. The organization will be finalized 

after detailed planning. 



CRITICAL ISSUES GROUPS  

A. 	Impurity Control 

1. Impurity Control Critical issue b) 

2. Innovative impurity control schemes 

3. Review and R&D results 

B. Beta Enhancement and Confinement 

1. Beta critical issue a) 

2. Confinement 

3. Review new R&D results 

C. RF Heating and Current Drive 

1. RF critical issue c) 

2. Innovative Current drive schemes 

3. Review new R&D results. 

D. Electromagnetics 

1. Transient electromagnetics critical issue d) 

2. Innovative magnet concepts 

3. Review new R&D results 

E. Configuration and Maintenance 

1. Configuration and maintenance critical issue e) 

2. Systems integration 

3. Review new R&D results 

F. 	Blanket & First-Wall 

1. Blanket and first-wall critical issue f) 

2. Innovative materials and nuclear systems 

3. Review new R&D results 



DISCIPLINARY GROUPS 

G. Physics 

1. Interaction among groups A—C. 

2. Physics innovations not covered by groups A—C. 

3. Review new physics R & D results not covered by groups A—C. 

H. Engineering 

1. Interaction among groups D—F. 

2. Engineering innovations not covered by groups D—F. 

3. Review new engineering R & D results not covered by groups D—F. 

4. RF launcher design concepts. 
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Georgia institute of Technology 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 

NUCLEAR ENGINEERING AND HEALTH PHYSICS PROGRAMS 

SCHOOL OF MECHANICAL ENGINEERING 

January 12, 1987 

Please reply to: 

NUCLEAR ENGINEERING AND 

HEALTH PHYSICS PROGRAMS 

CHERRY EMERSON BUILDING 

GEORGIA INST. OF TECH. 
ATLANTA GEORGIA 313332 U SA 

REPORT OF FOREIGN TRAVEL 

TRAVELER: 	Weston M. Stacey, Jr. 1/60 
Georgia Institute of Technology 
Atlanta, GA 30332 

DESTINATION: INTOR WORKSHOP 
VIENNA, AUSTRIA 

DATES: 	December 1-12, 1986 

SUMMARY 

The traveler attended session XIV of the Phase 2 INTOR Workshop as the US 
Steering Committee member. The list of attendees and agenda are attached. 

This session had two principal objectives: 	1) to arrive at preliminary 
conclusions on the critical issues and innovations studies which have been 
ongoing for the past year; and 2) to plan in detail how to carry out a new 
task of conducting critical analyses of existing INTOR-like designs. These 
two objectives were accomplished. The preliminary conclusions from the 
ongoing studies were documented in the internal working documents of the 
Workshop, and work required to arrive at final conclusions was defined. A 
new work plan for 1987 was developed (attached). A Specialists' Meeting was 
planned to gather information as a first step in the analysis of INTOR-like 
designs (attached). 

WMS/sgj 
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Department: RI 
	

Issue No. 2 
Division: 	RIRL 
	

1986-12-01 
F1-TC-433.35 

NOTIFICATION OF A MEETING HELD AT HEADQUARTERS 
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AGENDA 

Session XIV 

INTOR Workshop Phase IIA/Part 3 

December 1 — 12, 1986 

Monday, December 1  

09:00 — 09:30 

09:30 — 10:30 

11:00 — 11:30 

11:30 — 17:00 

15:00 — 15:30 

Tuesday, December 2  

Steering Committee 

Plenary Session (National Summary) 

Exchange of National Reports 

Reading Reports 

Coordinating Committee 

AM & PM 	 Group Discussion on Innovations and 
Critical Issues 

Wednesday, December 3  

AM & PM 

17:00 — 

Thursday, December 4  

Group Discussion 

Coordinating Committee 

AM & PM 	 Group Discussion 



Friday, December 5 

AM 

14:00 - 17:00 

17:00 - 

Group Discussion 

Plenary Session (Preliminary Conclusions/Decisions 
on Critical Issues and Innovations, and 
DEMO-requirements) 

Coordinating Committee 

Monday, December 8 

AM & PM 	 Group Discussion 

Tuesday, December 9  

AM & PM 

17:00 - 

Wednesday, December 10  

9:00 - 10:30 

11:00 - 17:00 

Thursday, December 11  

AM & PM 

17:00 - 

Friday, December 12  

AM 

14:00 - 15:30  

Group Discussion (Detailed Task Definition) 

Coordinating Committee 

Plenary Session (Critical Analyses) 

Group Discussion and Report Writing 

Group Discussion and Report Writing 

Coordinating Committee 

Typing and Copying of Summary 

Plenary Session 



REMARKS 

	

1. 	The objects of this session are to reach 

(a) Preliminary Conclusions/Decisions on Critical Issues 

and Innovations; 

(b) Detailed Task Definition on Critical Analysis of INTOR-like 

Designs, and 

(c) Final Conclusions on DEMO requirements. 

	

2. 	Preliminary conclusions/decisions should be reached in the 

first week on (a). 

	

3. 	In the second week, Critical Analysis of INTOR-like Designs 

discussion should have priority in scheduling the meetings. 



INTERNATIONAL ATOMIC ENERGY AGENCY 

INTEROFFICE MEMORANDUM 

FROM: 

TO: 

SUBJECT: 

INTOR WOrkshop Participants 

INTOR Steering Committee 

INTOR Work Plan for 1987 - Overview 

DATE 
	

12 December 1986 

OUR MEW.: 

YOUR REF.: 

The IFRC, at their November 1986 meeting in Kyoto, recommended 
a change of objectives for the INTOR Workshop during 1987. These recommendations 
are attached. This change in objectives has resulted in a replanning of the 
INTOR work and schedule for 1987 and the convening of an INTOR-related IAEA 
Specialists' Meeting. This schedule is also attached. 

The first objective recommended by the IFRC - to continue the 
data base assessment, critical issue analysis, and innovation assessment -
is part of the ongoing INTOR work. Homework tasks have been planned at 
this session XIV to enable final conclusions and recommendations to be 
reached during session XV in July. Drafts of the INTOR report chapters 
on this work will be prepared at home between sessions XV (July) and XVI 
(November). 

The second objective recommended by the IFRC - to conduct critical 
analyses of existing INTOR-like designs (i.e. FER, INTOR, NET, OTR, TIBER) 
with the aim of preparing a useful information base for future design work 
for the ETR - has resulted in a revised work plan as follows. An INTOR-related 
IAEA Specialists' Meeting will be convened in March to bring :ogether some key 
members of the FER, INTOR, NET, OTR, TIBER teams for the purpose of compiling 
in a common format and discussing information about these designs. Homework 
tasks have been prepared at this session XIV to guide the compilation of 
information as input to this Specialists' Meeting. 
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Subsequently, the INTOR Workshop will conduct critical analyses of 
these INTOR-like designs, based upon input from the Specialists' Meeting and 
INTOR homework tasks which have been defined at this session for session XV (July), 
Preliminary conclusions about how different objectives, different choices of main 
physics and engineering "driving" features, and different assumptions about 
physics and engineering design constraints impact designs should be reached 
at session XV (July). Homework tasks should then be defined at session XV to 
enable final conclusions on these matters to be reached at session XVI (November). 
Documentation of this material for the INTOR report should be done at session XVI, 
allowing for the possibility of same drafting between sessions XV and XVI. 

A final draft of the Phase 2A, Part 3 INTOR report should be 
prepared and turned over to the editors at session XVI (November). 



IFRC RECOMMENDATIONS TO THE DIRECTOR GENERAL 

OBJECTIVES FOR 1987 WORK 

The IFRC adopted in April, 1985 a programme of work until the end of 1987. 

In view of the proposals from the USSR and the US for a new design and supporting 

research initiative, and the preliminary positive reactions from the EC and 

Japan, the IFRC recommends a change of the 1987 objectives from those 

previously adopted. 

The new objectives should be: 

— To continue the data base assessment, critical issue analysis, and 

innovation assessment, 

— To discontinue the task of incorporating innovations into and updating 

the design concept. 

and, instead 

— To conduct critical analyses of the existing INTOR like designs with the 

aim of preparing a useful information base for future design work for 

the ETR. 

The final report should be completed by the end of 1987 using the resources 

originally agreed upon. 



Attachement 2 

MEETING DATES 1987 

March 23-27 	INTOR-related IAEA Specialists' Meeting on 
Information on Engineering Test Reactor Deisgn Concepts 

July 13-24 	INTOR Session XV 

November 9-20 	INTOR Session XVI 



INTERNATIONAL ATOMIC ENERGY AGENCY 

INTEROFFICE MEMORANDUM 

DATE 	10/12/1986 

OUR Rtr.2 

YOUR OEF.2 

TO: 	 IAEA Scientific Secretariat for 

INTOR Workshop 

FROM: 	INTOR Steering Committee 

SUBJECT: INTOR-Related Specialists'Meeting 

The INTOR workshop has been asked by the IFRC to take on the 

new task during 1987 "to conduct critical analyses of the existing 

INTOR-like designs with the aim of preparing a useful information base 

for future design work for the ETR". In planning for this new task, the 

INTOR Steering Committee has determined that it is essential that information 

on these designs be compiled on a common basis and discussed by persons 

knowledgeable of the designs, at the earliest possible date. 

We request that the IAEA convene an INTOR-related Specialists'Meeting 

on Information on Engineering Test Reactor Design Concepts to be held 

March 23-27,1987. This meeting would bring together the principal 

people from the four national design teams (FER-Japan, NET-EC,OTR-USSR, 

TIBER-US) with their counterparts in the INTOR workshop. Certain information 

should be prepared as input to this Meeting. Detailed plans for the 

meeting are attached. These should be distributed with the invitation 

to the Specialists'Meeting. The INTOR Steering Committee will act as 

the organizing committee for the Meeting. 



We anticipate that each of the four "countries" (EC, Japan, USA, USSR) 

will send at least five participants representing their national design 

team and 2-3 additional people representing INTOR, for a total of 

^$8-9 participants per country. Thus, we request that you provide office space 

for about 35 people. Four meeting rooms, one of which that can accommodate 

35 people, will be needed. Commissary privileges should be arranged for the 

specialists. 



Attachment 1 

INTOR—Related IAEA Specialists' Meeting on 

Information on Engineering Test Reactor Design Concepts 

GENERAL PURPOSE:  Provide information to enable INTOR Workshop to -conduct 

critical analysis of existing INTOR—like (FER, INTOR, NET, OTR, TIBER) designs 

with the aim of preparing a useful information base for future design work 

for ETR. 

SPECIFIC PURPOSES: 

1. Document and compare objectives of different design concepts. Identify 

how objectives affect design concepts and why they were chosen. 

2. Document and compare the present design specifications (i.e. major 

parameters, heating and impurity control methods, materials) for the 

different design concepts. 

3. Identify the main features which "drive" the different design concepts 

(e.g. non—inductive current drive, assembly and maintenance philosophy). 

4. Document and compare the physics and engineering design constraints 

(e.g. beta limits, radiation damage limits, stress limits) used in the 

different design concepts and discuss why they were chosen. 

DATE:  March 23-27, 1987 

ORGANIZING COMMITTEE:  S. Mori— Chairman, G. Grieger, B. Kadomtsev, W. Stacey 

ORGANIZATION:  The Specialists' Meeting will be organized into four groups, 

Group 1 	Physics 

(beta, confinement, current drive, heating,impurity  control,etc.) 

Group 2 	Electromagnetic, Heating & Current Drive Technologies 

(TF coil, PF coil, rf system, NB system, transient EM, etc.) 

Group 3 	Mechanical and Configuration 

(Mech. design, assy. & maintenance, configuration, etc.) 

Group 4 	Nuclear 

(FW, Blkt, ihld, divertor, tritium, etc. technologies) 



PARTICIPANTS: 	Each country is requested to send the people from their 

national design team with major responsibilities in each of the four areas 

into which the meeting will be organized plus a person with overall 

responsibility for the national design concept, plus 2-3 memberi of the 

INTOR workshop to be suggested by the INTOR steering committee member for 

that country. A total of 8-9 participants per country is desired. 

PREPARATION:  Each design team (FER,INTOR,NET, OTR, TIBER) should prepare 

the following documents as input to the Specialists' Meeting. 

1. A list of technical and programmatic objectives and a brief("(1-2 pages) 

written discussion on why these objectives were chosen and how they have 

affected the design concept. (The INTOR objectives are included as 

appendix 1 as an example.) 

2. A list of the design specifications, following the format for the 1NTOR 

specifications included as appendix 2. 

3. A brief discussion ("02 pages) of the main features which "drive" the 

design concept. (The INTOR discussion is included as appendix 3 as an 

example.) 

4. A list of the physics and engineering design constraints, following the 

format of appendix 4. A brief discussion of why particular values were 

chosen for the design constraints. 

5. Such other materials (e.g. reports) describing the design concept as are 

available. 

REPORT OF MEETING:  A report will be prepared during the Specialists' Meeting. 

This report will include: 

1. A list of the technical and programmatic objectives for each design concept 

(FER, INTOR, NET, OTR, TIBER), a discussion of how different objectives 

cause differences in design concept, and a discussion of why the different 

objectives were chosen. (INTOR SC + Design team leaders) 

2. A list of the design specifications for each design concept, using a 

common format. (Groups 1-4) 

3. A discussion of the main features which "drive" each design concept. 

4. A list of the physics and engineering design constraints for each design 

concept, using a common format, and a discussion of why particular values 

of design constraints were chosen. (Groups 1-4) 
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BACKGROUND: The Internacional Fusion Research Council (IFRC), at their 

November meeting in Kyoto, recommended a change in objectives for the work 

of the INTOR Workshop during 1987. In view of the proposals from the USSR 

and the US for a new Engineering Test Reactor (ETR) design activity and supporting 

research initiative, and the preliminary positive reactions from the EC and Japan, 

the IFRC recommended that the INTOR Workshop conduct critical analyses of the 

existing INTOR-like designs with the aim of preparing a useful information base 

for future design work for the ETR. The IFRC further authorized the INTOR 

Workshop to ask the IAEA to hold an INTOR-related Specialists' Meeting to 

assist them with this new task. 

The existing INTOR-like design concepts differ for a number of reasons, 

foremost among which are: 

• 1) differences in objectives; 

2) differences in physics and engineering design constraints; 

3) differences of opinion about the incorporation of advanced, or innovative 

features and about the associated risks; 

4) differences in the "philosophy" used to "optimize" the designs, and 

5) differences in the level of detail and self-consistency. 

The critical analysis of the existing INTOR-like designs can best be carried 

out by: 

1) comparing the objectives among the designs and identifying how different 

objectives would cause differences in a design; 

2) identifying the main "driving" features which differ among the 

designs and evaluating the design impact, risks, benefits, etc. associated 

with these features; and 

3) comparing the physics and engineering design constraints among the designs 

and evaluating how different constraints would cause differences in a 

a design. 
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It is desirable that the principal people involved in all of the 

INTOR-like designs (FER, INTOR, NET. OTR, TIBER) be involved in the 

critical analysis in order that the most useful information base be prepared 

for future design work for ETR. 



AGENDA 

INTOR-Related IAEA Specialists' Meeting on Information on Engineering  

Test Reactor Design  

MONDAY, March 23 1987 

9.00 - 9.30 a.m. Introduction PLENARY 

9.30 -12.30 a.m. Overviews (FER, INTOR, NET, QTR, TIBER) PLENARY 

2.00 - 3.30 p.m. Comparison of Design Objectives PLENARY 

3.30 - 5.00 p.m. Comparison of Design Specifications GROUPS 

TUESDAY, March 24. 1987 

9.00 -12.00 a.m. 	Comparison of Main Design Features 	GROUPS 1-4  

2.00 - 5.00 p.m. Comparison of Main Design Features 	PLENARY 

WEDNESDAY. March ;5. 1987  

9.00 -12.00 a.m. 	Comparison of Design Constraints 	 GROUPS 1-4 

2.00 - 5.00 p.m. 	Comparison of Design Constraints 	 GROUPS 1-4 

THURSDAY. March 26. 1987 

9.00 -12.00 a.m. 	Report Preparation 

2.00 - 4.00 p.m. 	Report Preparation 

PLENARY 

FRIDAY, March 27, 1987 

9.00 -12.00 a.m. 	Meeting Summary 

2.00 -4.00 p.m. 	INTOR Team Meeting 
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Georgia Institute of Technology 
A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA 

SCHOOL OF MECHANICAL ENGINEERING 

ATLANTA, GEORGIA 30332 

April 14, 1986 

Report on Foreign Travel 	 Grant No. 	DE-FG05-84ER-52107 

Traveler - Weston M. Stacey, Jr. 	 Project No. 	E-25-621 

Visit to Vienna, Austria - (3/10-21/86)  

Dr. Stacey attended session XIII of the INTOR Workshop at IAEA head-
quarters in Vienna. A meeting notification (which includes the name and 
affiliation of the participants), an agenda and a description of the 
organizational structure of the Workshop session are attached. 

The principal tasks accomplished at this session were: 1) review 
of ongoing work in six critical issue areas and planned detailed homework 
tasks for the next session; 2) reviewed results of the IAEA meeting on 
Tokamak Concept Innovations and planned detailed homework tasks for the 
next session; and 3) the INTOR work plan for the remainder of Phase 2A 
Part 3 (through CY 1987) was developed. 

The tasks of the INTOR Workshop for 1985-87 are: 

1. Evaluate innovations which could lead to a significantly improved 
commercial tokamak, with emphasis upon those that could be 
implemented on the INTOR time-scale (1990-95). 

2. Study critical technical issues that affect the feasibility of an 
INTOR-like device. 

3. Review the objectives of INTOR (or any tokamak ETP). 

4. Review the scientific and technological data base for INTOR (or 
any tokamak ETR). 

5. Improve the INTOR conceptual design to incorporate the results 
of the above work, with the objective of developing an international 
consensus on the features of a tokamak ETR. 

AN EQUAL EDUCATION AND EMPLOYMENT OPPORTUNITY INSTITUTION 
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The work plan for the INTOR Workshop is indicated in an attachment. This 
plan calls for concentration upon critical issues studies and evaluation of 
innovations which could impact the INTOR concept during this year, and 
concentration upon incorporating the results of this work into an improved 
conceptual design during CY 1987. 

A number of INTOR -- related IAEA Specialists' Meetings are being 
held during 1985-87, as indicated in an attachment, to provide additional 
expert advice to the INTOR Workshop. 

The dates for the INTOR Workshop sessions and for the Specialists' 
Meetings are given in an attachment. 
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Tentative Agenda 

Session XIII 
INTOR Workshop Phase IIA Part 3 

March 10-21 1986 

Monday, March 10  

09:00 -09:30 	 Steering Committee 

09:30 - 10:30 	Report of Innovation Meeting 

11:00 - 12:00 	Plenary Session (National Summary) 

14:00 - 14:30 	Exchange of National Reports 

14:30 - 17:00 	Reading Reports 

16:30 	 Coordinating Committee 

Tuesday, March 11  

09:00 - 12:00 

14:00 - 17:00 

Wednesday, March 12 

09:00 - 10:30 

10:30 - 12:00 

14:00 - 17:00 

17:00 

Group Discussion on Innovations 

Group Discussion 

Plenary Session (Innovations) 

Group Discussion 

Group Discussion 

Coordinating Committee 

Thursday, March 13  

AM & PM 	 Group Discussion 

Friday, March 14 

09:00 - 12:00 
	

Group Discussion 

14:00 - 17:00 
	

Plenary Session 

17:00 - 17:30 
	

Coordinating Committee 
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April 11, 1986 

Progress Report Period 1983-1985 

DOE Grant Number DE -FG05 -84ER52107 

Title: 	 Perform Work in Support of the International Tokamak 
Reactor Workshop 

Contractor: 	 Georgia Institute of Technology 

Principal Investigator: 	W.M. Stacey, Jr. 

The PI organize and technically directed the US work in support of the INTOR 
Workshop and participated in that Workshop"as the US Steering Committee member. 

The principal tasks of Phase Two A, Part 2 of the INTOR Workshop were: (1) 
work upon certain critical technical issues essential to feasibility and 
improvement of the INTOR concept; (2) reassessment of the scientific and 
technical data base supporting the INTOR concept, and (3) revision of the INTOR 
design. Critical issues studies were carried out in impurity control, RF 
heating and current drive, transient electromagnetics, maintainability, and 
technical benefit. The physics, engineering and nuclear data bases supporting 
the INTOR design concept were re-evaluated, and the design concept itself was, 
accordingly, slightly modified. 

The following publications resulted from this work: 

1. INTOR Group, Nuclear Fusion, 25, 1791 (1985). 

2. US INTOR Group, INTOR Phase 2A, Part 3, Georgia Institute Technology 
report (1985). 

3. INTOR Group, INTOR, Phase 2A, Part 3, IAEA Report STI/PUB/714, Vienna 
(1986). 
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Reactor Workshop 

Contractor: 	 Georgia Institute of Technology 

Principal Investigator: 	W.M. Stacey, Jr. 

The PI organize and technically directed the US work in support of the INTOR 
Workshop and participated in that Workshop as the US Steering Committee member. 

The principal tasks of Phase Two A, Part 2 of the INTOR Workshop were: (1) 
work upon certain critical technical issues essential to feasibility and 
improvement of the INTOR concept; (2) reassessment of the scientific and 
technical data base supporting the INTOR concept, and (3) revision of the INTOR 
design. Critical issues studies were carried out in impurity control, RF 
heating and current drive, transient electromagnetics, maintainability, and 
technical benefit. The physics, engineering and nuclear data bases supporting 
the INTOR design concept were re-evaluated, and the design concept itself was, 
accordingly, slightly modified. 
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2. US INTOR Group, INTOR Phase 2A, Part 3, Georgia Institute Technology 
report (1985). 

3. INTOR Group, INTOR, Phase 2A, Part 3, IAEA Report STI/PUB/714, Vienna 
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DOE Grant DE-FG05-84ER52107 

WORK ACCOMPLISHED DURING GRANT PERIOD (1/1/86-12/31/87) 

The US work in support of Phase 2A Part 3 of the INTOR Workshop was 
organized and technically directed. The US work in support of several INTOR-
related IAEA Specialist's Meetings was organized. The PI represented the US as 
Steering committee member at INTOR Workshop sessions and in various capacities 
at the above-mentioned Specialist's Meetings. The PI participated in a number 
of DOE activities related to ETR in which his knowledge of INTOR was relevant, 
in particular ETOC. The IAEA INTOR Phase 2A Part 2 report and other reports 
generated in the course of the work were distributed within the US fusion 
community. US and IAEA INTOR reports on the Phase 2A Part 3 work were prepared 
under the supervision of the PI. 

Publications: 

INTOR Group, INTOR Phase Two A Part II, IAEA report STI/PUB/714, Vienna (1986). 

Tokamak Concept Innovations, IAEA-TECDOC-373, Vienna, (1986). 

W.M. Stacey, "International Tokamak Reactor", Proc. 11th Int. Conf. Plasma 
Physics and Controlled Nuclear Fusion Research (Kyoto, IAEA, Vienna (1987). 

W.M. Stacey, et al., "The US INTOR Activity", Fusion Techn., 11, 317 (1987). 
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THE INTOR WORKSHOP: A UNIQUE 
INTERNATIONAL COLLABORATION IN FUSION 

WESTON M. STACEY 

Fusion Research Center and Nuclear Engineering Progratii, 
Georgia Institute of Technology, 
Atlanta, Georgia 30332, U.S.A. 

ABSTRACT 

The history and technical accomplishments of the International Tokamak Reactor Workshop 
during its nine years of existence are reviewed. 

I. INTRODUCTION 

In 1977, the USSR proposed to the Director General of the International Atomic Energy Agency 
(IAA) that the Agency sponsor a collaborative activity among the countries with major fusion 
programs to design, construct and operate the next (after the then upcoming generation of large 
tokamaks) major experiment in the world fusion program as an international project. This 
proposal was referred to the International Fusion Research Council (IFRC), an advisory body to 
the Director General of the IAEA consisting 'principally of persons with responsibility for the 
fusion programs in their respective governments. The IFRC recommended that a workshop be 
established under IAEA auspices and that the activity of this workshop be carried out in phases: 
Phase Zero -- determination of the scientific and technical feasibility of such a project in the 
near term; Phase One -- definition of the experiment through a conceptual design; and Phase Two - 

.,- design of the experiment. At the end of each phase, the participating governments would 
review, through the IFRC, the progress of the activity and decide whether to proceed to the next 
phase and upon the objectives of the next phase. The IFRC drew up terms of reference to guide 
the workshop.  

The International .Tokamak Reactor (INTOR) Workshop was established by the IAEA as a 
collaborative effort among the European Community, Japan, the USA and the USSR. The broad 
Objective of the INTOR Workshop was defined by the IFRC: "To draw on the capability in all 
countries to prepare a report to be submitted to the IFRC describing the technical objectives and 
nature of the next large fusion device of the tokamak type that could be constructed 
internationally." The more specific objectives were: 

1) to , identify the objectives and characteristics of the next major experiment (beyond the 
'.''present generation of large tokamaks) in the world tokamak program; 

2) to assess the technical data base that will exist to support the construction of such a 
.4..device for operation in the 1990s; 	 - 

:, (3) to define such an experiment through the development of a conceptual design; 
' (4) to study critical technical issues that affect the feasibility or cost of the INTOR 

concept; 
(5) to define R and D that is required to support the INTOR concept; 
(6) to carry out a detailed design of the experiment; and, finally, 
(7) to construct and operate the device on an international basis. 

Each participating government designated a Steering Committee Member. 	The Steering 
Committee, acting jointly, was responsible for the organization of the INTOR Workshop, and each 
Steering Committee Member was responsible for the organization of the scientific and technical 

work in his respective country . In Japan and the USSR, where the tokamak programs are 

* For the sake of stylistic simplicity, the European Community will be referred to in this paper 
as a "Country".' 
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centrally organized and located, in the Japan Atomic Energy Research Institute and the Kurchatov 
Atomic Energy Institute, respectively, the leading people with responsibility for the tokamak 
program in those institutes, Sigeru Mori and Boris Kadomtsev, respectively, were designated as 
Steering Committee members and the bulk of the people who contributed to the INTOR work were from 
those institutes. In the European Community and the USA, where the tokamak programs are much 
less centrally directed and much more dispense geographically, the INTOR work was organized on a 
multi-institutional basis. Gunter Grieger of the Max Planck Institute for Plasma Physics in West 
Germany and myself were designated as Steering Committee Members for Europe and the USA, 
respectively. . 

The INTOR Steering Committee first met at IAEA headquarters in \Jenne on November 20-23, 1978 
to organize the INTOR Workshop. A mode of operation was defined in which a limited number of 
participants met periodically in workshop sessions in Vienna to define the home tasks, to review 
the work performed at home, to take decisions and to prepare reports. The bulk of the work in 
support of the INTOR Workshop was then performed between workshop sessions by experts working in 
their home institutions under the direction of these Participants. The sessions of the INTOR 
workshop are given in Table 1.1. The number of. Participants from each of the four Parties has 
varied from 4 in the initial phase to 8-9, as shown in Table 1.2. The home country effort 
involved hundreds of the leading fusion scientists and engineers in each of the four countries, 
on a part-time basis. , 

The Zero Phase of the INTOR Workshop, which was conducted during 1979, addressed the first 
two objectives cited above; to define the objectives and physical characteristics of the next 
major experiment (after TFTR, JET, JT-60, T-15) in the world-wide tokamak program; and to assess 
the technical feasibility of constructing this experiment to operate in about 1990. Detailed 
assessments of the plasma physics and technology bases for such an INTOR experiment were 
developed, and physical characteristics were identified which were consistent with this technical 
basis and with the general objectives of the INTOR concept as it evolved in this process. 

Each partner submitted detailed contributions to the Zero Phase Workshop, which were 
subsequently published. These contributions underwent extensive discussions at the Workshop 
sessions and formed the basis for the report of the Zero Phase Workshop [1]. This report, which 
represents a technical consensus of the world-wide magnetic fusion community, concluded that the 
operation, by the early 1990s, of an ignited, deuterium-tritium burning tokamak experiment that 
could serve as an engineering test facility was technically feasible, provided that the 
supporting research and development activity was expanded immediately, as discussed in the 
report. This broad international consensus on the readiness of magnetic fusion to take such a 
major step was in itself an important milestone in the development of fusion. 

As a result of this positive conclusion, the INTOR Workshop was extended into Phase One, the 
Definition Phase, in early 1980, on the basis of the IFRC review and recommendation to the 
Director General of the IAEA. The objective of the Phase One Workshop was to develop a 
conceptual design of the INTOR experiment. 

The Phase One INTOR conceptual design was carried out by teams working in the home countries. 
The starting point for the conceptual design effort was the set of reference parameters suggested 
by the Zero Phase Workshop. The decisions taken at each Workshop session were then incorporated 
into each partner's design activity, so that the four design contributions progressively 
converged towards a single design, at an increasingly greater degree of detail, during the course 
,64- the conceptual design activity. The national conceptual design contributions to the Phase One 
INTOR Workshop have been published. These contributions formed the basis for the INTOR 
conceptual design which was completed in mid-1981 and is documented in Ref. [2j. 

Concurrent with the latter part of Phase One of the INTOR Workshop, an Administrative 
Committee, composed of government representatives with fusion and foreign relations 
responsibilities, was established to address the administrative issues associated with moving the 
INTOR Workshop into the more intensive design Phase Two. 	The deliberations of this 
Administrative Committee were inconclusive. 	At the end of Phase One, the participating 
governments were unwilling to move forward to the originally planned Phase Two-Design, because of 
the implications this would have had with respect to a subsequent construction phase. 

During the course of the Phase One, several critical technical issues which affected the 
feasibility, cost or engineering complexity of the INTOR design were identified. Many of these 
issues were felt to be amenable to resolution through intensive analysis. 
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This situation led to the decision by the IFRC to redefine Phase Two as Phase Two A--Critical 
Issues and Phase Two B--Design. Because of the implications that would be associated with 
proceeding to a design phase, the IFRC instructed the INTOR Workshop to concentrate on critical 
issues and not to continue design work during Phase Two A. Subsequently, Phase Two A has been 
twice extended by the IFRC. 

During Phase Two A it became increasingly clear to all parties that INTOR would not proceed 
to the design and construction stage, barring drastic changes in the international political 
situation. Independent national design efforts for INTOR-like devices were initiated in the 
European Community, Japan and the USSR during this period. The USA has maintained an independent 
effort throughout all Phases of INTOR. 

During Phase Two A Part 1 of the INTOR Workshop, which extended from mid-1981 to mid-1983, 
critical issues were studied in five areas (plasma performance, impurity control and first-wall, 

m ,  tritium and blanket, mechanical configuration, and electromagnetics), the engineering testing 
requirements were defined, and a cost-risk-benefit study of design options with different fluence 
objectives was conducted. These critical issues studies improved our understanding of major 

&technical issues which affect the feasibility, cost and engineering design tractability of a 
"next-generation tokamak reactor, advanced our knowledge of how to design such a device and led to 
improvements in several aspects of the INTOR design concept. Some of these intensive studies 

/  were carried to a point where further significant progress must await additional experimental 
infUltmation. Specific R and D recommendations were formulated to this end. In other areas, such 
as impurity control, a continuation of the intensive study was warranted. In addition, several 
new areas were identified for which intensive studies held the promise to lead to additional 
improvements of the INTOR concept. The new information that was developed in these critical 
issues studies led to certain improvements in the INTOR concept. The work in the Phase Two A 
Part 1 INTOR Workshop was reported in the national contributions to the Workshop and in the 
report of the Phase Two A Part 1 Workshop [3]. 

Phase Two A Part 2 (mid-1983 through mid-1985) was concentrated on four critical issues 
(impurity control, plasma heating and current drive, transient electromagnetics, maintainability) 
and on a study of the technical benefit of partitioning INTOR component design and fabrication. 
The last item consisted of a rather detailed examination of the merits and demerits of various 
forms of international collaboration in constructing and operating an INTOR-like device. Also, a 
reassessment of the scientific and technical data base supporting the INTOR concept was 
undertaken. As a consequence of these studies, some of the major parameters of the INTOR design 
concept were modified. This was done in order to illustrate in which way the INTOR design 
concept should be modified to take account of the new results, leaving the self-consistent up-
dating to be done in a later INTOR Phase. The work of Phase Two A Part 2 Workshop is reported in 
the national contributions and in the report of the Phase Two A Part 2 Workshop [4]. 

Phase Two A Part 3 (mid-1985 through-1987) started with the intention (i) to address the 
following critical issues: impurity control, beta and confinement, heating and current drive, 
electromagnetics, configuration and maintenance, and first wall and blanket; (ii) to reassess the 
DEMO requirements: (iii) to study potential innovations which were not yet supported by developed 
physics or technology, but which hold the promise to lead to improvement of the tokamak concept; 
and (iv) to incorporate the results of all the work done during Parts 1 to 3 of Phase Two A in an 
updated INTOR conceptual design. 

During the course of Phase Two A Part 3, the prospects for international collaboration on the 
design and construction of an INTOR-like experiment increased dramatically as a result of a 
summit-level initiative by the USSR and a favorable response by the USA. Subsequent government 
level discussions involving the European Community and Japan as well as the USA and USSR evolved 
towards a new international design activity for an International Thermonuclear Experimental 
Reactor (ITER) with objectives and general characteristics similar to those of INTOR. At this 
moment, the work orientation of the INTOR Workshop was rediscussed by the IFRC, and it was 
decided to stick to the work on critical issues, DEMO requirements and innovations, because these 
items were of immediate relevance to any near-term tokamak design activities, but to replace the 
intention to introduce the results of the work into an updating of the INTOR 
conceptual design by an analysis of how those results would affect the INTOR design concept, and 
rather to use this part of the capacity of the INTOR Workshop for a critical analysis of all 
existing INTOR-like designs. The results of Phase Two A Part 3 are reported in Ref. [5]. 
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Table 1.1 
Sessions of the INTOR Workshop 

PHASE ONE 
January 16-18, 1980 
March 24-28, 1980 
June 16-27, 1980 
October 20-31, 1980 
January 19 - February 4, 1981 
March 30 - April 10, 1981 
June 22 - July 3, 1981 

--12HASE ZERO 
`February 5-16, 1979 
June'11 - July 5, 1979 
October 	1979- 
December  10-19, 1979 

PHASE TWO A PART 1 
September 7-11, 1981 

". ' December 7-18,1981 
March 22 - April'2;'1982 
July - 12-23,1982- " 
4Lpfil 11-22, 1981 7414""2 

 ' August 1-5, 1983 

PHASE TWO A PART -V-71 ' in 'e'*" 1 ''' 
March 10-21, 1986 
-December 1-12, 1986 
ilnly 13-24,--1987 --  

1-N6vember 9 -20-, 4987 

PHASE TWO A PART 2 
January 16-27,1984 ' 
May 21 - June 1; 1984 

' October 15-27,'1984 
_April 14 - 	1985 
September 9-14;1985' 

The last item consisted of'-arather detailed exami,aii'm Li the mLritc, and demerits of various 
forms of internationaLtollaberation in 2F_ ,I 	'_ROLR'IN15'68.7ECTIViS 

INTOR in=the Fusion Program 

• 

1..ApaA frdn'the'more general INTOR role to be the maximum reasonable step beyond the present 
,,:L4eneiation of large tokamaks (TFTR, JET, JT-60, T-15), its programmatic objectives followed from a 
':41eeper consideration of its potential role in the world fusion program. The target of all fusion 
programs is the successful construction and operation of a fusion reactor DEMO. A definition of 
;-the DEMO objectives and a discussion of the broad, general prerequisites for the design and 

. 7,cohstruction of DEMOs have led to the working hypothesis that one single step between the present 
e,t1generation.oflarge tokamaks and the DEMO might -be sufficient, together with the other parts of 

rthe fusion pragiam,'"to-deVelop'All the information necessary for the construction of DEMOs. The 
'characteristics of a DEMO Were developed early in the INTOR Workshop, for the purpose of guiding 
-ithe -determination of the - INTOR objectives, and have been essentially confirmed by an IAEA 
tedbAtultadre'lneeting"OnDEMO requirements 16). The DEMOs are generally understood to have the 
'following objectives: 

55(a)PtOdnetion of several hundred megawatts electricity and achieveMent of net electrical 
li-tpoWer production 

_ 	 _ 
on  

, L:Production of tritium in the blanket, with a net breeding ratio greater than unity 
$ (c) '-'Demonstration of 	development and integration of full-scale components which can be 

2" 1" ( IT E10  1.?extrapolated - tolt commercial -reactor -  - - 	 -- 
moment tit-dyork D4Mattration of'domponent And—systereliability, availability and lifetime at a 

; 

	

	 ,,• 	- 	_ 

level that would be acceptable for a commercial reactor 
uuldemonstration of safe and environmentally acceptable fusion reactor operation that 

"t"t 1 = 	t= ;Iirould satisfy the'iiquirements for a commercial reactor 
..•Demonstration of commercial feasibility (although the DEMO would not need to be -itself 
Z--economically competitive). -  

. The role of INTOR in the fusion program can be defined upon identifying the physics and 
technology prerequisites for the design and construction of the DEMOs. Then, those prerequisites 
which can best be satisfied by INTOR and those for which complementary physics experiments and 
technology test facilities are needed can be distinguished. 



Table 1.2 
Principal INTOR Participants 

EC 

Phase Zero (1979) 

Lem USA USSR 

G. Grieger S. Mori W.M. Stacey, Jr. B.B. Kadomtsev 
F. Engelmann T. Hiraoka J.R. Gilleland G.E. Churakov 
R. Hancox K. Sako G.L. Kulcinski B.N. Kolbasov 
D. Leger T. Tazima R.H. Rutherford V.I. Pistunovich 
P. Reynolds G.F. Shatalov 

Phase One (1980-81) 
G. Grieger S. Mori N.M. Stacey, Jr. B.B. Kadomtsev 
G. Casini . 	N. Fujisawa M.A. Abdou C.F. Churakov 
F. Engelmann T. Hiraoka J.A. Schmidt B.N. Kolbasov 
F. Farfaletti-Casali . K. Sako T.E. Shannon V.I. Pistunovich 
R. Hancox K. Tomabechi D.V. Serebrennikov 
A. Knobloch G.E. Shatalov 
D. Leger 
P. Reynolds 
P. Schiller 

Part Two A Part 1 (1981-83)  
G. Grieger 	 S. Mori 
G. Casini 	 N. Fujisawa 
F. Engelmann 	 T. Hiraoka 
F. Farfaletti-Casali 	K. Miyamoto 
M. Harrison 	 S. Nishio 
A. Knobloch 	 Y. Sawada 
D. Leger 	 K. Tomabechi 
P. Reynolds 
P. Schiller 

Part Two A Part 2 (1983-85)  
G. Grieger 	 S. Mori 
A. Chazalon 	 N. Fujisawa 
P. Engelman 	 T. Honda 
P. Farfaletti-Casali 	H. Iida 
M. Harrison 	 M. Kasai 
A. Knoblock 	 M. Saki 
D. Leger 	 M. Sugihara 
E. Salpietro 	 K. Tomabechi 
P. Schiller 

Phase Two A Part 3 (1985-87)  
G. Grieger S. Mori 
E. Cocorese 	 - N. Fujisawa 
F. Engelmann 	 T. Honda 
F. Farfalletti-Casali 	H. Iida 
H. Harrison 	 B. Ikeda 
A. Knobloch 	 T. Kobayashi 
D. Leger 	 T. Hizoguchi 
E. Salpietro 	 T. Okazaki 
P. Schiller 	 T. Tsunematsu 
W. Spears 
G. Vieider 
J. Wegrowe 

N.M. Stacey, Jr. 
M.A. Abdou 
J.M. Rawls 
J.A. Schmidt 
T.E. Shannon 
R.J. Thome 

B.B. Kadomtsev 
G.F. Churakov 
B.N. Kolbasov 
V.I. Pistunovich 
D.V. Serebrennikov 
G.E. Shatalov 

W.M. Stacey, Jr. 
C.C. Baker 
P.L. Colestock 
C.A. Flanagan 
R.F. Hattas 
M.Y. Peng 
D.E. Post 
P.T. Spampinato 
R.J. Thome 

N.M. Stacey, Jr. 
D. Ehst 
C.A. Flanagan 
Y.M. Peng 
N. Pomphrey 
D.E. Post 
D.L. Smith - 
P.T. Spampinato 

B.B. Kadomtsev 
B.N. Kolbasov 
A.I. Kostenko 
A.S. Kukushkin 
R.N. Litunovskij 
V.I. Pistunovich 
D.V. Serebrennikov 
G.E. Shatalov 

B.B. Kadomtsev 
A. Epinatiev 
B.N. Kolvasov 
A.I. Kostenko 
A.S. Kukushkin 
R.N. Litunovski 
I.V. Mazul 
V.I. Pistunovich 
G.E. Shatalov 
V. Vdovin 
S. Yakunin 
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`:The broad, general prerequisites for the design and construction of DEMOs are: 

(a) 	Development of an adequate plasma physics and engineering data base for prediction of 
the performance of the DEMOs 
Demonstration of the plasma physics performance required for the DEMOs 

(c) Development of fusion reactor components 
(d) Testing of component integration into an overall fusion reactor system 
(e) Testing of fusion reactor maintainability 
(f) Testing of component and overall reactor system reliability, at least to some 

significant fraction of the availability and design lifetime of the DEMOs 
Testing of electricity and tritium production by fusion 

(h) 	Testing of the safety and environmental characteristics of a fusion reactor. 

The INTOR concept is predicated upon the existence of a vigorous worldwide fusion R and D 
program that is constrained only by technical considerations. 

An extensive plasma physics experimental and theoretical programme will be needed to support 
the design and construction of INTOR and to supplement INTOR in providing the physics basis for 

; 2 the design and construction of DEMOs. In this context, INTOR is viewed as the maximum reasonable 
physics step beyond the present generation of large -tokamaks towards DEMO and is intended to 
demonstrate the achievement of most of, the plasma _conditions that will be required for tokamak 
•DEMOs. Primary physics' objectimee:of INTOR then are to investigate the operation of an ignited 
D-T plasma and to achieve long, controlled, reproducible burns with optimized plasma parameters. 
Achievement of these objectives requires satisfactory impurity control, power and particle 
balance control, and profile control for parameter optimization. A closely related objective is 
the achievement of high-duty cycle operation. INTOR may also be used to perform certain plasma 
physics experiments not directly related to learning how to operate INTOR, but such experiments 
should be carried out in other plasma physics devices, if possible. 

An extensive technology and component development and testing program will be required in the 
development of fusion power reactors to the demonstration reactor stage. This program will both 
support INTOR in providing the basis for its design and construction, and supplement INTOR in 
providing the basis for the design and construction of the DEMOs. 

a. 11.1'cl.11,,on 	 S. Hish.;.c 	r 	Lb,Inno.1 	 DA  
In ganstatt,  it is anticipateclAbat a thergahsepaening of candidate materials and component 

design concepts will be carried out An test facilities and that, before the final design and 
construction of INTOR, components will be developed and tested under conditions that, at least 
partially,-simulate a fusion reactor environment. INTOR will then serve principally to: 

(a). :'Test the compatibility of components within an integrated reactor system 
(b) 	=Test the remote maintainability of a fusion reactor system 
(c) -Test components and materials in a fusion reactor environment 
(d) 	"Test the reliability of components under sustained operation in a fusion reactor 

'environment, i.e. to some significant fraction of the component design lifetime 
against the limiting phenomenon (e.g. neutron damage, fatigue). 

(e)r-7,0 Ittadiate materials samples to moderate fluences in a fusion neutron spectrum 
(f) '-'''Test the production of electricity and tritium in a fusion reactor 
(g) L.Test the safety and environmental acceptability of a fusion reactor. 

. Much will be learned in carrying out these investigations that will be utilized to improve 
the design-of components and the overall reactor system for the DEMOs. It is then the role of 
,the DEMOstceprovide convincing Aemonstrations with full-size, fully developed components that 
' can readily - be - extrapolated to commercial reactors. 

. Within the-fusion programs also other magnetic confinement concepts besides the tokamak are 
being-developed. There is a good chance that one. or more of these concepte will be developed to 

• the zoMMerciai.stage, and there is even a possibility that some other concept will suppleMent the 
tokamak as the frontrunner before the DEMO stage. Thus, it is important that INTOR serve also to 
test technology that is required for these other magnetic fusion concepts. Fortunately, the 
technologies required for the principal magnetic confinement concepts, t are, to a high degree, 
commentcell systems. 

. 	. 
,2.2 INTOR Objectives 

The programmatic objectives of INTOR follow directly from the foregoing considerations of its 
role in the fusion program and from an assessment of the technical basis which could exist within 
the next several years for its design. The technical objectives have been developed to support 

:l 

• 
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the achievement of the programmatic objectives while being consistent with the anticipated 
'technical basis. These objectives will be achieved at different stages of INTOR operation. The 
programmatic objectives of INTOR are: 

	

. (a) 	INTOR should be the maximum reasonable step beyond the present generation of large 
tokamaks (TFTR, JET, JT-60, T-15) in the world fusion program 

	

,(b) 	INTOR should demonstrate the plasma performance required for the tokamak DEMOs 
(c) INTOR should test the development and integration into a reactor system of those 

technologies required for the DEMOs 	 — 
(d) INTOR should serve as a test facility for the blanket, tritium production, materials 

and plasma engineering technology development 
(e) INTOR should test fusion reactor component reliability 

INTOR should test the maintainability of a fusion reactor 

	

(g) 	INTOR should test the factors affecting the reliability, safety and environmental 
acceptability of a fusion reactor. 

The technical objectives of INTOR have been developed to support the achievement of the 
programmatic objectives, while being consistent with the anticipated technical basis for the 
design and construction of such an experiment to initially operate in the mid 1990s. These 
technical objectives are given in Table 2.1. 

TABLE 2.1 INTOR TECHNICAL OBJECTIVES [4] 

A. Reactor-relevant mode of operation 

1. 
2. 
3. 
4. 
5. 
6. 

Ignited D-T plasma 
Controlled burn pulse of > 100 s 
Reactor-level particle and heat fluxes (P

n 
 > 1 MW.m

2
) 

Optimized plasma performance 
. 	Duty cycle > 70% 

Availability 25% 

B. Reactor-relevant technologies 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

Superconducting toroidal and•poloidal coils 
Plasma composition control (e.g. divertor) 
Plasma power balance control 
Plasma heating and fuelling 
Blanket heat removal and tritium production 
Tritium fuel cycle 
Remote maintenance 
Vacuum 
Fusion power cycle 

C. Engineering test facility 

1. 
2. 
3. 
4. 
5. 

6. 

Testing of tritium breeding and extraction 
Testing of advanced blanket concepts 
Materials testing 
Plasma engineering testing 
Electricity production -5-10 MW (e) 

Fluence -3 MW•y•m
-2 

An important question was the extent to which materials and component testing should le 
included in the INTOR objectives. It was clear from the beginning that end-of-life testing of 
DEMO components or materials was far above all possibilities with the technologies available for 
lie o basic INTOR machine. Even one-third of the intended DEMO fluence seemed to be out of scope. 
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This led to the concept to study radiation damage of reactor materials by simulation methods and 
,t9; y1e,INTOR forcalibratiorefthe simulation methods by a 14 HeV neutron environment. Since it 

, techawentCted ;RROditioOchAt !.lithin the available time and budget-only stainless. steel could be 

er-Erdevalopeetelall 2mantifactiiriAt details required for DEMO components, a fluence goal of 3 MWy/m 2 
 was considered adequate. In the meantime, ferritic steels also are being considered for use in 

• 'DEMO. 1 Xn this case, the fluence needed for calibration would be around 6 MNy/m, which might be 

(too large ,to aim at in INTOR. In this case the minimum fluence goal is related to the 

'development_and test of blanket modules, which is about 0.8 My/m, Hence, 3 NNy/m
2 

is retained 

fai the goal to allow also'. for some valuable component testing and for extended blanket module 
testing. 

- Self-sufficiency in tritium production was not an original INTOR objective. In this 
;respecti module and sector tests were considered adequate to allow reliable extrapolations. A 
tritium breeding blanket was introduced in the INTOR basic machine upon request of the IFRC in 
order to reduce the demands on tritium supply and thus the operating cost. For this blanket the 

`,request for full reactor releVance was replaced by the condition not to interfere with the 
reliable operation of the basic INTOR machine. 	In order to achieve this objective and to 

..-.=- , Jsaximize the shielding capability on the inboard of the torus, 	the breeding blanket was 
tsch°iastricted to-the outboard and upper sections of the plasma chamber, covering about 602 of the 

available space. The initial INTOR blanket designs achieved a tritium breeding ratio of 0.6 with 
this coverage. However, recent designs have been developed which are capable of achieving a 
tritium breeding ratio in excess of unity with this coverage, so tritium self-sufficiency appears 

Yeto be obtainable without interfering with the reliable operation of the machine. 

3. DESIGN CONCEPT 
, 	- 

3.1 Guiding Parameters 	 . 

The initial INTOR design concept and philosophy were embodied in the set of guiding 
parameters that were developed in Phase-Zero--(1) to guide the data base assessment of that Phase 
and to provide a starting point for the conceptual design activity of Phase One. These guiding 
parameters were evolved in part on the .basis of previous national studies of "next-step" devices 
and irk part on the_, basis of the„ c onsoing-datajaasessmep4,, .; > 

!The concep t for 	
- 	 perfc.rm ,ce 

for a machine that is capable of meeting the technical objectives of INTOR and 
supported by the data base assessment was developed by the Workshop. The concept recommended as 

input for the definition phase was characterized by a relatively large (-280 m 3) D-shaped plasma 
. heated to ignition by neutral-beam injection power of about 75 MW for 5 - 6 s up to a mean 

temperature of about 10 keV. Controlled burn should then be achieved for more than 100 s at a 
plasma-to-magnetic pressure ratio <p> - 5%, which was thought at that time to be marginally 
stable theoretically. A divertor is needed to exhaust helium and control impurity influx in 
order to achieve such a long burn. 	The plasma current should exceed 6 MA, which is quite 
sufficient to confine fast alpha particles. 	Both the toroidal and external poloidal field coils 
should be superconducting. INTOR would require about 200 MW (e) power. The neutron power load 

2 on the'first wall would be about 1.3 MW•m 	, and the total fusion power would be about 620 
MW(th). A stainless-steel, water-cooled shield operating with relatively low (100 - 200 °C) 
maximum structural temperature would be employed on the basic machine. The guiding parameters 
for INTOR are given in Table 3.1 under the column head "1979". 

to test the feasibility of reactor components and to s 
development, simplicity r and reliability of the basic 
if this is in conflict with certain aspects of reactor 
INTOR is then intimately related not only to the 

but also to the manner in which each technology is 
-:•L 

Certain reactor-relevant technologies must be incorporated as intrinsic -- not easily replace 
able -- components (e.g. superconducting magnets, remote handling system) in order to be tested 
In INTOR. These technologies must be developed to a high level before the construction of INTOR 
since failure of such intrinsic components would cause INTOR either to fail or to be 
significantly delayed in achieving any of its objectives. For such intrinsic technologies, INTOR 
would test an already-developed technology in a fusion reactor environment. 

With certain other reactor-relevant technologies (e.g. electricity and tritium-producing blan 
ket), there exists the option of incorporation as intrinsic components or as relatively easily 

SiOc! 1 PriTIOP4 function of_INTOR_is 
erve as a test facility for technology 
machine are of the utmost importance, even 
relevance. The technical feasibility of 
supporting technology development programs 
incorpdrated into INTOR. 
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replaceable test components. Inclusion of a new technology as an intrinsic component at the 
outset places a greater demand upon the development program supporting that technology and 
entails an increased risk that failure of that component would cause INTOR to fail or to be 
significantly delayed in achieving any of its objectives. On the other hand, incorporating a new 
technology as a test component that could be inserted after INTOR had operated for some time and 
that could be relatively easily replaced places less of a demand upon the supporting 

TABLE 3.1 	INTOR PARAMETERS 
1987[5] 1985[4] 1983[3] 1981[2] 1979[1] 

GEOMETRY 

Chamber major radius, R (m) * 4.9 5.2 5.2 5.2 

Chamber volume (m3 ) 285 320 120 320 

Chamber surface area (m2 ) 352 380 380 380 

PLASMA 

Plasma radius, a (m) * 1.2 1.2 1.2 1.4 
Plasma elongation, K 1.6 1.6 1.6 1.6 
Plasma aspect ratio, A 4.2 4.4 4.4 4.0 
Burn average beta, <0>(%) 4.9 5.6 5.6 5 
Poloidal beta,B1  1.5 2.6 2.6 TBD 

Average ion temperature, <T i> (keV) 10 10 10 10 

Average ion density, <n.>(m -3
) 1.4x102°  1.4x102°  1.4x102°  1.4x10

20 

Energy confinement time 	TB  (s) * 1.4 1.4 1.4 1.5 

Plasma current, I
P 
 (HA) * 8.0 6.4 6.4 6.4 

Field on plasma axis, BT  (T) 5.5 5.5 5.5 5.5 

Safety factor (separatrix), q T  1.8 2.1 2.1 2.5 

Peak thermonuclear power, Pth (MW) 
585 620 620 620 

Neutron wall load, Pn  (MW.m
-2 

 ) 1.3 1.3 1.3 1.3 

Toroidal field ripple at outboard 
edge (2) 

1.2 0.9 TBD <0.75 

OPERATION 

Burn time, Stage I/Stage II (s) 100/150 100/200 100/200 >100 
Duty cycle, Stage I/Stage II (2) -60/-70 70/80 70/80 >80 

- 2 
Fluence goal (MW.y.m 	) 3 4 6 TBD 
Number of pulses (lifetime) 4x10

5 
7x10

5 
7x10

5 
5-10x10

5 

Maximum availability goal (2) 25 50 50 25-50 

HEATING - NEUTRAL BEAM 

Number of injectors (active/spare) 4/1 TBD 
Beam power (MW) 75 75 

Beam energy (keV) 175 175 
Pulse-length capability (s) 10 10 

*Parameter might be expected to change is design was updated, 
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- NEUI;;?.- 

out JABWialel. 31NTgaa44AiqtAA“cont., ) -1987151  ._1§85[4]- 	108313] 	.,1?8212111. 1979[1]  

AEATING:iCRF,  

fiumber of laupchers (active/spare) 	 3/1 	 3/1 
Power at start-up (MW) 	 50 	 50 
Frequency (MHz) 	 85 	 85 
Pulse-length capability 	 CW 	 CW 

STARTUP ASSIST: EON 

Power (MW) 
Frequency (GHz) 
Pulse length (s) 

10 	 10 
140 	TBD 
3 	 TBD 

CURRENT DRIVE: LHR 

20 

CONTROL ' 

FUELLING 

Method 

IMPURITY 

Number of launches 
Power (MW) 	, 

pellet 
injection 
and gas 
Puffing 

pellet 
injection 
and gas 
puffing 

pellet 
injection 
and gas 
puffing 

pellet 
injection 
and gas 
puffing 

Method - 

(MA ) 

i 
Plasr current, T 

C llector 
 

Power to divertor (11W) 

FIRST WALL 

Power to first wall (MW) 
Outboard: material 

thickness (mm) 
Inboard: material 

• 	thickness (mm) 
Lifetime (y) 

49 	 44 	 44 	 TBD 
* H

2
0- 	D

2
0- 	D

2
0- 	H20- 

cooled 	cooled 	cooled 	cooled 
SS316 	SS316 	SS316 	SS 
12 	 12 	 11.7 	TBD 

* H
2
0- 	 H

2
0- 	H

2
0- - 

cooled 	cooled 	cooled 	Toled 
SS316 	SS316 	5S316 	ss 
14 	 14 	 13.5 	TBD 
12 	 15 	 15 	 TBD 

single- 	single- 	single- 	single- 
null - 	null 	null 	-null 
poloidal 	poloidal 	poloidal 	poloida 
divertor 	divertor 	divertor 	diverto 

.4 W

▪ 

 bonded 
6 
 W or Be 	W on SS t  TED 

to copper on SS 	or Cu 80 	TBD 

80 	 80 	 80 	 TBD 
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BREEDING BLANKET 

Material 

Breeder temperature ( °C) 

Thickness (M) 
Location 

Breeding Ratio 
Tritium extraction 

TRITIUM FUEL SYSTEM 

H20,SS316 D,0 or H20, H20,SS316 TBD 
SS316 

Li20 	Li
2

0 	Li20,Pb,c TBD 

Pb,CT 
410-800 	400-650 	400-600 	TBD 

0.5 	0.5 	0.8 	TBD 
outboard 	outboard 	outboard 	TBD 
and top 	and top 	and top 	' 
>0.6 	>0.6 	0.65 	TBD 
cont. 	cont. 	cont. 	TBD 
He purge 	He purge 	He purge 	TBD 

2.5 
0.5-1.0 
2.3 
0.1-1.0 
1.4 

0.5-1.0 
2.3 
0.2 
0.4 

Breeding blanket (kg) 
Storage (kg) 
First wall/divertor (kg) 
Tritium handling systems (kg) 

Pumping speed (1.s -1 ) 

TOROIDAL FIELD COILS 

Number 
Bore (m) 

Conductor 

Stabilizer 
Maximum field (T) 

2 x 105 
TED 	TBD TBD 

12 	 12 	 12 	12 
6.3x9.3 	6.6x9.3 	7.7x10.7 	TBD 

Nb3Sn 	Nb3Sn, 	Nb3Sn, 	Nb3Sn 

NbTi 	NbTi 	B/or NbTi 
Cu 	Cu 	Cu 	Cu 
-11 	<12 	-11 	10.6 

TABLE 3.1 INTOR PARAMETERS (cont.) 	1987[5] 	1985[4] 	1983[3] 	1981[2] 	1979[1]  

Ili.itium flow rate (g.h
-1 

 ) 	 61 	 64 	 64 	 55 
Annual tritium consumption_ 1  
at 25% availability (kg.y ) 	 7 	 7 	 7 	 TBD 
Isotopic enrichment 	 cryogenic cryogenic cryogenic TBD 

dist. 	dist. 	dist. 

TRITIUM INVENTORY 

TORUS VACUUM SYSTEM 

-7 Initial base pressure (torr) 	 10
-7

-5 	10-7
-5 	10-7

-5 	10-6 Pre-shot base pressure (torr) 	 3x10 	3x10 	3x10 	10 
Pumps 	 Compound 	Compound 	Compound 	TBD 
Pumping 	 cryopumps cryopumps cryopumps TED 

through 	through 	through 
divertor 	divertor 	divertor 
chamber 	chamber 	chamber 
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- —TABLE- 1.-Y---INTOR -PARAMETERS ( cant .) 198715) i985[4)  1983131 -  1981[21  ---19-79111  

Total flux (t.$) 
Breakdown voltage (V) 
Location 

Conductor 
Maximum allowable field (T) 

POWER SUPPLIES 

Stationary loads (MW) 
Pulsed energy storage (GJ) 

, MECHANICAL - CONFIGURATION  

112 	 110 	 110 	 110 
35 for 0.3s 35 for-0.3 TBD 	100 
external 	external 	external 	external 
to TF coils to TF coils to TF coils to TF coils 
NbTi or Nb

3
Sn NbTi 	NbTi 	NbTi 

8 	 8 	 8 	 9 

200 	200 	241 	TBD 
14 	 14 	 22.5 	TBD 

POLOIDAL FIELD COILS 

it SHIELDING 

Inboard (m) 	 0.8 	 1.1 	 0.8 	 1.1 
,.., Outboard 	,, ,-., 	 1.5 	1.5 	1.65 	1.4 

Neutral beam drift tube (m) 	 1.0 	TBD 
As 
1 NBI box (m) 	 0.5-0.75 	TBD 

1987 * 

1985 

Twelve or twenty-four blanket sectors assembled with straight-line or translational 
horizontal motions through windows between TF coils 

Yi,Semi,perManent'inboard, upper and lower shield forming primary vacuum boundary on outer 
TrilioundarY-IcifIF-reetoabletOrus sectors 	 1.4 

Final closure of primary vacuum boundary on outer boundary of removable torus sectors 
TCTestModuleS inserted horizontally at mid-plane 

All superconducting coils in a common cryostat, except lower ring coil in a separate cryostat 
'Dedicated sectors: 	4 ICRF 	 2 fuelling 

Pr: 	 1 ECRF 	 2 testing 
1 LHRF 	 21&C 

1983 

Twelve or twenty-four blanket sectors assembled with straight-line or translational horizontal 
_ motion through windows between TF coils 
Semi-permanent inboard, upper and lower shield forming primary vacuum boundary or inner 
surface 

Final closure of :primary vacuum boundary on outer boundary of removable torus sectors 
trTest modules' inserted horizontally at mid-plane 

All superconducting coils in a common cryostat, except lower ring coil in a separate cryostat 
T1 ;i:JF._ Dedicated sectors: 	4 ICRF 	 2 fuelling 

1 ECRF 	 3 testing 
2 I & C 

1981 

Twelve blanket sectors assembled with straight-line horizontal motion through windows between 
TF coils 

Semi-permanent inboard, upper and lower shield forming primary vacuum boundary or inner 
'It, t; surface 

Final closure of primary vacuum boundary on outer boundary of removable torus sectors 
Test modules inserted horizontally at mid-plane 
All superconducting coils in a common cryostat 

Dedicated sectors: 	5 NBI 	 3 testing 
2 fuelling 	 2 I & C 
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development program and entails considerably less risk that component failure will 
. significantly delay INTOR in achieving its other objectives. A further advantage of inclusion 

of a new technology in test components is that INTOR could serve as a test bed for the 
development of , that technology, with successively improved test components being tested in 
INTOR. 

The philosophy of INTOR is to minimize the risk of failure and the demands upon the 
technology development programs by including new technologies in test components to the maximum 
extent that is consistent with achieving the programmatic and technical objectives. This 
philosophy leads to the concept of staged operation, with the possibility of incorporating 
some of the technologies that have been tested in test components during an early stage, into 
intrinsic components during the last stage in order to provide a full-scale engineering 
demonstration. 

3.2 Conceptual Design  

Based on a realistic assessment [1] of the then anticipated status of plasma physics 
research and technology development a few years hence, during Phase One a conceptual design was 
developed for an INTOR device which could fulfil the objectives listed in the previous section. 
Emphasis was given to developing the design self-consistently and in sufficient detail in 
certain important areas so that the critical problems could be identified and resolved and so 
that the consequences of certain major design decisions could be investigated. 

The major features for the INTOR conceptual design are specified in Table 3.1 under the 
column headed "1981". It is interesting to note that it was possible to develop a self-
consistent conceptual design with major parameters very close to those specified in Phase Zero 
as guiding parameters. 

An analysis of the magnetics, MED equilibrium and stability, energy transport, plasma 
heating and impurity control was made to support the plasma physics parameters specified for 
INTOR. Based upon the then existing knowledge, it was felt that the INTOR plasma, operating 
with the indicated parameters, should achieve an ignited burn with an average thermonuclear 
power output of 620 MW(th). The plasma current, in excess of 6 MA, should adequately confine 
alpha particles. The value <ft> = 5.6Z was somewhat greater than the then current theoretical 
limit, but experimental evidence that tokamaks can operate in excess of this theoretical limit 
supported this choice. A- divertor was specified to exhaust helium and to prevent heavy 
impurities from reaching the plasma in order to achieve a 200 s burn time, which was set at 
about one-fifth the theoretical magnetic surface diffusion time. Based upon the then current 
best estimate of plasma energy transport losses, the predicted alpha-heating power exceeded 
that required for ignition by a factor of about two. The 75 MW of neutral beam heating power 
allows the plasma to be heated to ignition for energy losses up to about twice as large as the 
then current best estimate for heat conduction. This provided a margin for coping with 
radiation losses and existing uncertainties. 

A single-null poloidal divertor, with the chamber at the bottom, was chosen for 
impurity control. Analyses indicated that it should be possible to magnetically form the 
divertor channels and to control the separatrix motion to within several centimeters with coils 
external to the toroidal field coils. A relatively short channel length should be adequate 
because of the high-density mode of divertor operation. Two divertor collector plate designs 
were developed. In one, tungsten was brazed to a copper heat sink. In the other, tungsten 
tiles were mechanically attached to a stainless-steel heat sink. The tungsten and copper would 
need to be replaced every few years; the stainless steel should last the design life-time of 
INTOR. The analysis in support of the single-null divertor included self-consistent treatments 
of the magnetics for separatrix control and divertor channel formation, the plasma physics of 
the divertor channel and scrape-off region, the nuclear design of the divertor collector plate, 
and the engineering design of a maintainable divertor. 

The mechanical configuration design was driven from the outset by the requirement to 
provide maximum access to facilitate maintenance and assembly/disassembly. A semi-permanent 
inboard, upper and lower shield formed the primary vacuum boundary. Twelve torus sectors fit 
within this semipermanent shield. These torus sectors were partially (outboard and upper) 
tritium-producing blanket and partially (inboard and lower) heat-removal shield. The final 
closure of the vacuum boundary on the outboard was at the outer boundary of the blanket, inside 
of the outboard bulk shield. Once the outboard bulk shield is removed . .nd the vacuum boundary 
is cut, each torus sector could be withdrawn horizontally with straight-line motion through a 
'window' between adjacent toroidal field coils. The divertor channel was broken up into twelve 
modules which are removable with straight-line horizontal motion between the toroidal field 
coils. The single-null divertor was chosen over the double-null divertor in order to achieve 
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"this more simply maultainabie mechanical _configuration.  

of a n" "gr
e
o , 	 - 	- 
mi-permanent, supercon duct ing toro idal and poloidal field coils would be enclosed in 

common, semi-permanent cryostat, thus completely separating the cold and warm structures. 
. 

; .-AI1 poloidal field coils would be external to the toroidal field coils and superconducting, 
except for.a set .of cryoresistive coils internal to the Ohmic heating solenoid which provide 

,, e,the voltage pulse for plasma breakdown. 	Both forced-flow and pool-boiling conductor designs 
Were developed for the toroidal and poloidal field coils, and in addition a superfluid pool-exs. 

„lboiling conductor design using NbTi was developed for the toroidal-field coils. Each of these 
conductor concepts under active development at the time and a final decision could await 

1„,xesults from the development programs. 

'2TP7,15; -  
- The rather demanding structural requirements for the toroidal field coils were net by a 

combination of design strategies. 	Coil wedging, intercoil support structure and a bucking 
1 .cylinder would be used to handle in-plane and centering forces. Gussets, intercoil support 

structure, a ring girder, the bucking cylinder and shear ties would be used to handle out-of-
plane forces and the overturning moment. A built-up laminated structure would be used. A 
major accomplishment of the INTOR design effort was to develop a credible structural design for 
# high-field, pulsed tokamak. 

:„Extensive analysis supported the design of the first 'wall, blanket and shield'. A 
' .?W;i

▪ 	

i 'er-cooled, stainless-steel first wall with a panel-type construction was specified. This 
'firit"wail was expected to last the full life-time of the device, provided that 	melt layer 

,'thich was predicted to form on the- inboard section -during a_plasma disruption is stable: A 
cotritium-produCing blanket would be installed from the outset of operation in order to reduce 

-71-• 	•  theoperational,cost. -A solid breeder (Li
2
SiO

3
) blanket that covered the outboard and upper 

resurfaces of - the plasma chamber was shown to be able to produce more than 60Z of the tritium 
consumed in INTOR. Shielding for the torus and major , penetrations was determined on the basis 
of several one-dimensional and one extensive three-dimensional_ radiation transport 
Icalculations. Adequate shielding would be available for component protection and to allow 
4ccess 24 hours after shut',down.  

,..„_The 	 goal 	 _was ,, specified: AS-• 150Z• during 	 m' last stage of 

1i5

• 1

41tKaiOn.,1#lia4ilitY.Analyses.based.mponcccomponent== teliabilitYveStimated ()Ofovided:hk - the 
,,c.omponent-da-velopers indicated that achievement of this - koal -woUld tequite increased emphiSis 
oo_component reliability in the component development programs. Extrapolation of the then 

a present reliability data led to availability estimates of - 30 - 40Z, depending upon the degree 
redundancy. 

,11,,- 	It should be noted that the purpose of the work of Phase One was - to define the INTOR 
C oncept. Specifications for the different systems were naturally evolved in . a parallel and 
,..viterative fashion, with the result that not all systems were specified to the same level of 
consistency and detail. The Phase One work sufficed to define the concept and further work to 

'achieve consistency on a detailed level was left as a task for a later phase. 

*mcurity 
in.retrospect, a few factors can be identified which had a major influence upon the 

*TOW conceptual design of Phase One. It is useful to review those factors which most 
jltritluted._ to .4mposing ,demanding engineering design requirements. --The emphasis on 

,Apainlainability was the major factor in determining the mechanical configuration. The 
xequiremeht of a relatively simple torus and divertor assembly/disassembly procedure led to 
iomewhat larger toroidal field coils than otherwise would be necessary* imposed certain 

rix_onstraintaupon the.toroidal field coil structural support system and led to the -choice of a 
27. single7nUlljrather than a ,double-null) poloidal divertor (which imposed additional 
„requirements upon the poloidal field coil system). The requirement of maintainability led to a 
:choice of an all-external poloidal field coil system. The all-external PF coils and the large 
"I" etas necessitated by the accessibility requirement, together with the .high toroidal field 
specified, combined to produce large overturning moments on the toroidal field coils and thus 

_led to additlomdi requirements for the structural support system. The requirement of personnel 
.EicceSa fcr ,.•  ince at the outer boundary of the reactor led to considerably more outboard

lld be necessary for -component protection. - 	The objective of achievihg an 
avio' 	 action of the design life-time neutron fluence for first-wall and blanket 

In a DEMO had a significant influence upoh the specification of the neutron wall 
availability goal, upon the inboard shield thickness, and upon the design of the 

all and magnet structural system with respect to fatigue and crack growth limits. 
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3.3 Phase Two A Part 1 Design Concept Update  

The INTOR design concept that was developed in Phase One was updated at the end of 
Phase Two A Part 1 based upon the results of the critical issues work performed during that 
Phase. This update was based upon detailed analysis of the system involved, but a self-
consistent design iteration was not performed, so that the resulting design concept was not 
optimized nor necessarily self-consistent on the detailed level. 

The updated design concept that was developed in Phase Two A Part 1 is shown in Table 
3.1 under the column head "1983". The major changes with respect to Phase One were the 
replacement of neutral beam heating with ICRF heating and the use of ECRH for startup assist to 
reduce the required loop voltage for current initiation. The power supply requirements and the 
toroidal field coil size were both reduced somewhat. 

3.4 - Phase Two A Part 2 Design Concept Update  

A second update to the INTOR design concept was made at the end of Phase Two A Part 2, 
based upon the critical issues studies of that Phase. This updated concept is shown in Table 
3.1 under the column headed "1985". The major changes with respect to Phase Two A Part 1 were 
a reduction in size (major radius), an increase in plasma current and the inclusion a LHR 
system for non-inductive current drive. An elevation view of the INTOR design concept is shown 
in Fig. 3.1. 

tte 

Figure 3.1. Elevation View of INTOR 

3.5 Phase Two A Part 3 Design Concept Re-evaluation 

The INTOR design concept was not updated at the end of Phase Two A Part 3 because it 
was felt that a self-consistent design iteration and optimization was needed at this point, and 
there was not time to conduct such an activity. However, the design concept was re-evaluated 
based upon the conclusions of the work of this Phase. Parameters which might be expected to 
change are indicated in Table 3.1 by an asterisk under the column with heading "1987". 
Anticipated changes are discussed in the following sections. 

3.5.1 Impurity Control 

Analytical studies and experimental data continue to support the choice of the 
poloidal divertor for impurity control and the choice of a high-Z (tungsten) divertor collector 
plate surface. Thus, the major aspects of the recommended impurity control system are 
unchanged from the INTOR design concept. Several modifications to the INTOR design concept may 
be necessary, however. A low-Z eff  limiter for startup may be required. If there remains the 

present uncertainty about being able to limit the disruption frequency to the presently assumed 
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reference value, then it may be necessary to install protective tiles on the first wall, at 
least duiiig f 	 referencd'Value 'of 	may have to he increased from 

Two A !=z1rz 	'u7,7SC 	 1 - 

1.5,  to 2.0, which would require allowance for up to a 50% increase in the power radiated to the 
_S^rst wall. 

3.5.2 -Operating Limits and Confinement 

_-A variety of H-mode energy confinement scaling laws have been proposed over the 
reyas.t few years.. Based upon these, the INTOR design concept is considered to have adequate 
-.,confinement capability to achieve ignition, if there is no substantial degradation with heating 

power. 

, 	, Although the INTOR design concept somewhat exceeds both the Murikami-Hugill and the 
Greenwald density limits, it is noted that these limits are exceeded by as much as a factor of 
2 in experiments with intense auxiliary heating. 	So, the density in INTOR is very probably 

..„„below the density limit. 

ted,,,_, .Analytical and experimental results suggest that the Troyon beta-limit g-factor 
be reduced from the value of 4 used in the INTOR design concept to 3.0 - 3.5 and that the 

spfetyfactor q1  in INTOR must be increased from 1.8 to at least 2. Since 

lea • 	 -1/2 - 	2  

0 (2) = triin3111)(0--; 	

(1 + 	)2-71 7:13(T) a (m). 

a  R(m) I(MA) 

some combination of increasing the plasma current, the magnetic-field and the plasma 

elongation ( 1-2) and/or reducing the major radius in the INTOR design concept is a 
probably necessary in order to achieve the performance objective (e.g. neutron wall load). 

1  •-•-•-••• 

3.5.3 Current—Drive-add Heating 	 -- 

There is now a substantial -experimental and supporting theoretical data base to 
support the use of non-inductive current drive, either by a combination of lower hybrid waves 
and neutral beams, or by neutral beams alone to achieve the basic performance objectives of 
INTOR, however, the predicted efficiency is low, and the required power may be on the order of 
200 MW. This required power can be reduced substantially if the design is optimized for 
current drive. Thus, while inductive current drive is retained as the reference option in the 
INTOR design concept, the use of non-inductive current-drive to achieve the basic performance 
objectives of a new INTOR-like design concept is suggested, provided that such a design could 
be shown to be feasible and to have substantial advantage over an inductively-driven design. 

New experimental data supports the previous choice of ICRH as the reference heating 
scheme in INTOR. However, if neutral beams and lower hybrid wave were chosen to contribute to 
durrent-drive in a'new INTOR-like design concept, it would be suggested to use that system also 
for heating (and for added impurity control by flow reversal). 

3.5.4 Electromagnetics  

Analytical studies have established that the active control coils should be located 
the toroidal field coils and outside the shield and have confirmed that the first-

wall/blanket structure is adequate for passive stabilization. 

-IAnalytical studies indicate that the INTOR poloidal field coil system could be 
designed more optimally. In particular, coils should be placed closer to-the mid-plane. 

. Leaving ajarge mid-plane window for horizontal access imposes a moderate penalty in terms of 
- stored energy for small - to moderate - elongated plasmas, but imposes a large penalty for 
highly elongated plasmas. 
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3.5.5 Configuration and Maintenance  

The reference INTOR maintenance concept is horizontal removal of large torus 
segments, which requires that a rather large "window" for access be left at the mid-plane, with 
the consequence, among others, that no poloidal field coils could be located near the mid-
plane. Analysis of this maintenance scheme versus a vertical or oblique removal concept led to 
the conclusion that the simpler maintenance procedures associated with horizontal maintenance 
outweigh the penalty in poloidal field coil optimization for low-to-moderate plasma 
elongations, but that the vertical or oblique maintenance scheme would be preferred for 
moderate-to-large plasma elongation, for which the penalty in poloidal field coil optimization 
becomes too large for the horizontal maintenance approach based upon the removal of large torus 
segments. Thus, if it is necessary to increase the plasma elongation above about 2, as it 
seems it might be to satisfy plasma operating limits (section 3.5.2), then it may be necessary 
to change the horizontal maintenance concept to a vertical or oblique concept. Also, a 
combination of both concepts might have its merits. 

For the reference INTOR maintenance concept, the use of a transfer cask for 
containing tritium and dust is recommended. This is required in order to meet the requirement 
for personnel access to the reactor hall. 

Because of recent developments, an in-situ maintenance scheme is now recommended 
for plasma-facing components (e.g. protective tiles on the first wall). 

As 	Analysis of iron inserts to reduce the field ripple indicate` that they would allow 
a reduction of about 50cm in the toroidal field coil bore or a reduction in the number of 
toroidal field coils from 12 to 10, without complicating the configuration significantly. 
Thus, the use of iron inserts would be recommended. 

3.5.6 First-wall and Blanket 

Analysis of the divertor collector plate, the first-wall and the breeding blanket 
confirms the choices that were made in the INTOR design concept. The reference divertor 
concept of tungsten bonded on copper cooled by water is predicted to have a lifetime of 2 x 10 4 

cycles, limited during normal burn by fatigue and erosion. This implies that the divertor 
plate must be replaced 10 times during the lifetime of INTOR. A bare, water-cooled austenitic 
stainless steel first wall remains the recommendation, unless new information indicates that 
the frequency of disruptions would be much greater than is assumed in the present disruption 
scenario. 

The reference breeding blanket concept - a ceramic breeding material, austenitic 
stainless steel structure and water cooling - is still recommended. It is possible to use 
water at relatively low pressure, which is recommended to enhance reliability. 

Analysis indicates that by the use of beryllium multiplier and other stratagems, it 
is possible to achieve a tritium breeding ratio greater than unity, and hence to make INTOR 
self-sufficient in tritium production, without increasing the inboard dimension or the level of 
risk. Accordingly, it would be recommended to equip INTOR with a non-reactor relevant tritium 
producing blanket adequate to provide tritium self-sufficiency. 

3.5.7 Design Sensitivity 

Systems analyses indicate that the size and cost of an INTOR-like design is very 
sensitive to the ignition margin, Zeff  , plasma elongation, safety factor, value of the g- 

factor in the Troyon beta-limit, the neutron wall load, the shield attenuation and the 
allowable stress in the toroidal field coils. Thus, the size and cost of INTOR could be 
reduced by future developments that demonstrated improved energy confinement, improved impurity 
control, stability at higher plasma elongation, lower safety factor and larger values of the 
Troyon g-factor, higher radiation damage limit on the magnet insulators, and magnet structural 
materials that could operate at higher stress levels. 

4. DATA BASE ASSESSMENT 

A major task of the INTOR Workshop was the review of results from the worldwide R&D programs 
in fusion and related areas and an assessment of the data base for the design and construction of 
INTOR. Additional R&D programs that would be required to provide an adequate data base were 



TABLE 4.1 INTOR PLASMA PHYSICS R AND D NEEDS [1] 	 . 

Status of world program 

R and D need 	 L Adequatea 	. Inadequate 
 

... 	 c- 

Energy and particle confinement 	Xe  

. 	_ 
B-limits and effect on transport 	X 

:.Shape and profile control 	
Xd 

Disruptions (detection and  
:u 	.-control. 	..f1-1 	L::,: 	'_,a'.1,- 	i,7,i 	erof:i7,a. 	Ti,I 	;1111:.1,-; 	thaZ 	i.le 	iiVer 
: rF73,14c ,ad if) tila,,; rise " 	_ . -._ 	of 	117-7 7. 	A hPrc, 	=,:.:.7.c.7-,_oIc., 	raster_
- 7IMpurity control and divertor 

' -physics and technology 

Neutral-beam heating 
:--technology 	 X 

RF physics and technology 	 Xe  

Fueling 	 X 

.,Plasma engineering-(start-up, 
shut-down, burn control) 	 Xf  

a 
programs are either planned or could be planned on existing or 
authorized facilities (with some upgrading if required) and using 

b -existing - trained personnel. 
—Either the available and authorized manpower and facilities are 

inadequate or a substantial increase in effort is needed. 
e

_ 

d 	Except ripple effects and helium transport, 
Except current profile control. 	 - 

v=--e- If hear -term expetiments'are , succesSful, ith - aceelerated program wouldbe''''' 
' f' 	needed. 	..'-' 	' 

- 	Except burn control. 

piatc azusl_: 4 

s 
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11.0.Aprocess.went on throughout the course of the INTOR Workshop and had a major 
impact on the world-wide rusion R&D programs. In this section, the data base assessment activity 
over the egnrse,A•the INTOR. Workshop :is-described, -  and.some of the most recent scientific and 

F:Rjechnical.-results are summarized. 
Ljg'. 

In 1979 the adequacy of the then existing and planned world-wide R&D programs for providing 
tl-c•the ,:data base needed for the design and construction of INTOR was assessed. These results are 

_ts.csummarized in very broad terms in Tables 4.1 - 4.5 and are given in detail in Ref. 1. The 
elQaasessment was generally positive with respect to being able to.provide the necessary data for 

,..maCdesigning.and constructing INTOR to operate within 10-15 years, on the basis of the substantial 
becamount of physics knowledge and technology then existing and the then-planned R&D programs. 
scECertain crucial information was identified which would not be developed in then-planned programs, 
secbut which could be developed in time by a substantial expansion of existing programs and the 
L0 initiation of new programs. This assessment, with its identification of which R&D areas were 
cc-most important fora next-step experiment and of those R&D areas in which existing and planned 

programs were inadequate, provided a valuable focus for worldwide fusion R&D. 
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TABLE 4.2 	INTOR MAGNETICS AND POWER SUPPLY R AND D NEEDS [1] 

Status of world progr am 
R and D need 

Adequatea 	Inadequate
b 

SC toroidal-field coil 	 X 
SC poloidal-field coil 	 X 
Energy storage and transfer 	 X 

a programs are either planned or could be planned on existing or 
authorized facilities (with some upgrading if required) and using 

13 	existing trained personnel. 
Either the available and authorized manpower and facilities are 
inadequate—or—a-substantial increase in effort is needed. 

TABLE 4.3 	INTOR BLANKET, MATERIALS AND TRITIUM R AND D NEEDS [1] 

Status of world program 
R and D need 

Adequatea 	Inadequate  

First-wall, limiter and divertor 

plates 	 X 
Structural materials 	 e 

Insulators and coatings 	 X 

Integrated tritium fuel 
handling system 

Tritium clean-up, safety and 
monitoring systems 	 X 

-------- 
a 
_programs are either planned or could be planned on existing or authorized 
facilities (with some upgrading if required) and using existing trained 

b  personnel. 
Either the available and authorized manpower and facilities are 
inadequate or a substantial increase in effort is needed. 

C For stainless steel only.  



• 13g 
	

W. M. STACEY 

r- 

TABLE 4.4 INTOR ENGINEERING R AND D NEEDS DI 

_, 	_ 	 Status of world program — 	. 
R 	D and 	need 

Adequate a 	Inadequate  

Remote maintenance and 
assembly  

Penetration shielding for 
personnel access and 
compenentprotection  

Vacuum pumping of helium 
Diagnostics, data acquisition 

and control 

a 
programs are either planned or could be planned on 

_ 	, existing or.authorized facilities (with some upgrading 

b 	
if required) and using existing trained personnel. 
Either the available and authorized manpower and' 
facilities are inadequate or_a substantial increase in 
effort is needed. 

} 

, 	- 

	

. 	, 

	

TABLE 4.5 	INTOR SAFETY AND ENVIRONMENTAL R AND D NEEDS [1] 

Status of world program 
., 	-- 

R and D need 

Adequate a 	Inadequate b  

_Tritium Containment, clean-up, 
 conversion and biological 

z 	_effects 	... 
Aciivation pioduct generation, 

release and transport 
Experimental accident data 

and analytical techniques 
Magnetic-field personnel 
. exposure limits 	 X 

a 	
Programs are either planned or could be planned on existing 
or authorized facilities (possibly with some upgrading is required) 

b 	
and using existing trained personnel. 

_Either the available and authorized manpower and facilities are 
inadequate or a substantial increase in effort is needed. 
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Table 4.6. Specific Short—Term Research and 
Development to Support INTOR Design 

Priority a 
Physics 

P.I. Beta limit scaling with triangularity and 

asymmetry 
High-density divertor operation 

(a) Divertor channel model tests 

(b) High-Z impurity backllow 

Atomic cross-sections for plasma edge processes 2 

P.4. Ripple-induced hot-ion transport model tests 
	

2 

P.S. Ripple-induced thermal transport model tests 
	

1 

P.6. Disruption characterization 
Low start-up voltage and volt-second 

	
2 

.-.7k experiments 
Vertical feedback control theory and 
experiments 

P.9 ow Pellet fuelling studies 
P.10. RF hearing modelling and experiments 

	
3 

Afi. Code development for consistency checks and 
	

2 

optimization (including transport, equilibrium, 

stability, poloidal field configuration, etc.) 

P.I 2. Current profile control 
	

1 

Nuclear 

N.1. Stainless steel surface behaviour under plasma 

disruptions 

N.2. Aluminium surface behaviour under plasma 	3 

disruptions 

N.3. Graphite tile attachment 
NA. Chemical sputtering of graphite 	 3 

N.S. In-situ recoating 	 3 

N.6. First-wall grooves 	 3 

N.7. Solid breeder development 	 1 

N.8. Liquid breeding material development 	 3 
N.9. Solid breeder/coolant tube interfaces with 	2 

predictable thermal conductance 
N.10. Tritium permeation 

N.11. Chemical sputtering of refractory metals 

(tungsten and molybdenum) 
N.12. High-temperature fatigue of tungsten and 

molybdenum 

N.13. Behaviour of brazing under thermal cycle 	1 

conditions 

Engineering 

E. 	Fatigue and fracture mechanics data for room- 	l 
temperature and 4 K materials  

Table 4.7. Additional Short—Term Research and 
Development to Support INTOR 3 . 

Priority a 

Physics 

Plasma behaviour near beta limits 

I'.2 	 Confinement waling in auxiliary heated tokamak& 

1, 3 	 Plasma equilibrium control 

P.4 	 Plasma profile control 

r. 5 	 Reactor prototypical !CHF healing 

P.6 	 ICRF code development 

P.7 	 RF startup assist 

P.8 	 Wish power LII and EC heaths' 

P.9 	 Quasi-steady-state mode of operation 

P.10 	 Characterization of high- and low-temperature 

edge regimes 

P.11 	 Edge particle and energy fluxes 

P.I 2 	 Divert*, channel behaviour 

P, 13 . 	 Impurity transport 

P.I4 	 Limiter pumping characteristics 

P.I5 	 Molecular and love-temperature charge-exchange data 

Nuclear 

N.1 
	

Self-sputtering yield of main candidate materials 

N.2 
	

Sputtering by tritium 

N.3 
	

Properties of mdepotiled metals 

Na 
	

' Irradiation effects on non-replaceable high-flux 

mat cc ttt 160 421 

N.5 
	

Irradiation effects on replaceable high-flux 

ma Walt (30 dos) 

N.6 
	

Tritium permeation and inventory. 

including irradiation effects 

N.7 
	

Eutectics development 

Ni 
	

14 MeV neuironics integral esperiments 

Engineering 

E.1 	 High-power ICRF system demonstration 

E.2 	 Improved structural concepts foe first 
wall/divertor/limil et 

E.3 	 First wall misusing procedure 

El 	 Tritium pellet injector 

E.5 	 Superconductors for fields above 10 T 

E.6 	 Low-lots, high-current 8 T superconductors 

E.7 	 IF coil mechanical and electrical properties 

6.8 	 Safely circuits to cope with short•circutting coils 

5.9 	 Low-low poloidal field coil concept 

LI 0 	 Interrecdialmeele rp cod demonstration 

E. 1 1 	 Computational tools for transient electrornaguelics 

E.12 	 Torus maintenance method. and procedures 

E 13 	 Adequate torus resistance 

E.14 	 Voltage withstand criteria for components within 
the-torus 

E.I5 	 Pump development 

5.16 	 PF cod power supply system optimization 

1 

(ii 

2 

2 

2 

a Priority 	 • 

— Required for the reference INTOR design, highest priority 

2 — Required for the reference INTOR design, secondary 

priority. 

3 — Not required for the reference INTOR design, but of 

importance for other design options. 

Priority 

I — Required for the INTOR reference design: highest priority. 
2 — Required for the 1NTOR reference design: secondary priority. 
Numbers shown in p 	hews refer to tasks which are not required for the INTOR 
reference design but which are of importance for other design options. 
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4.2 Phase One Assessment  
Ta7,1c 4.E. 	 . 	

, 

7 ,The Phase Zero data -base assessment was confirmed during the conceptuil design phase of 1980-
81. The development of technology to support a solid tritium breeding blanket was identified as 
,an additional required R&D area and the detailed of the required development program. were 
specified 121. 

During the Phase One conceptual design activity, a number of critical uncertainties were 
;;;identified which prevented firm design decisions from being taken: In most instances, it was 
Aipparent that these uncertainties could be resolved by specific, short-term R&D programs. These 
R&D needs, which are given in Table 4.6, provided a detail focus for worldwide fusion R&D. 

• Phase Two A Part '1 Assessment 

Review of the new results from the R&D programs continued to confirm the physics and 
✓technOlogy bases for the Phase One INTOR conceptual design. By 1983, the physics data base on 
ICRF heating was sufficient that ICRF could be recommended as the reference heating method, 

I,because of its :engineering. advantages with respect to neutral beams. Several additional 
specific, .shoii term R&D programs (Table 4.7) were recommended to resolve uncertainties that 

Aprevented the- taking of definite decisions on the INTOR design. 

?vs') "F. -  
ef,4 .:Phase Two A Part. 2 Assessment  

The assessment:in,1985 ,  generally:continued to' supportthe Phase Two A Part 1 - INTOR design  
;concept, with a few exceptions. For example, new experimental data on beta limits, which can be 
expressed by the "Troyon" formula 

max 

litidigazda 	'it cZs necessary 
performance nbjeCtives: - 

{ 

plasma pressure: 	:-.,,.--. 	--: g I (MA)  
magnetic pressure 	

: 0
max 	a(m) B (T) 

N7 

3 
to increase the -plasma curr'ent. "(I) " ih"Ordef-t6 achieve the 

 g 3-4 

• Phase Two A Part 3: Assessment 

The, most recent (1987) INTOR data base assessment [5] is summarized in this section. 

43:1 Impurity Control  
.„, 	- ; 

,a„7.•-‘, There has been a substantial amount of new data from both poloidal divertor and from 
A.imiter experiments in tokamaks. There is further evidence that a divertor with an open 
,:geomqtzyt_pf,the type envisaged for INTOR, is capable of producing high recycling conditions 
yhich areAesirable iti.ordet.to minimize sputtering of the divertor target. The concentration of 
impurities within the main plasma is generally lower for a divertor than for a limiter. However, 
the concentration of low-z impurities (noteably oxygen) is affected less than the high impurities 
by a divertor. There is often substantial emission of radiation within the divertor region and 
Ahia-is indicative of high recycling. It appears that the H-mode can be most readily accessed by 

:operatintis with a,poloidal divertor. In constrast, H-mode operation has been observed only in 
one liMiter experiment. .Adetrimental aspect of the H-mode is that, in certain conditions, this 
mode causes impurities to accumulate on the plasma axis. However in cases of limiter operation, 
the teMpElAtute 	the -plasma in contactiifth the limiter is high and Ehiais likely -to lead to 
'high rates of sputtering and erosion of the limiter. 	Exhaust of neutral gas can be quite 
efficiently performed.by A pumped limiter. 

4.5.2 Beta Limit  

Experimental results on the operational limit to the plasma beta correspond to values 
of the Troyon factor g in the range 3 to 3.5ZTm/MA. Improved analysis of the observations has 
led to a slight decrease in g with respect to earlier findings. The same range of values is 
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found in ideal MHD stability analyses of D-shaped plasma 	having an aspect 
ratio A : 4, which has been extended to cover moderately large elongations K < 2, provided that 

the MHD q at the plasma edge g o? 3. For large elongation and lower q a  there is an appreciable 

degradation of the Troyon factor. Up-down asymmetry, for such plasmas, causes a decrease of the 
beta limit, typically by 10 to 20%, for cases of practical interest. Equilibria with a 
safety factor on axis q o  < 1 were considered, but a clear advantage of operating in this regime 

could not be 	identified. At extremely low 	aspect ratio (A < 2)., several results have 

indicated an enhancement of g up to about 4.5% Tm/MA, provided that q a  is above a 

critical value, which increases with decreasing A. 	For indented plasma, while the ideal 
ballooning stability limit is enchanced, the kink modes is destabilized so that efficient wall 
stabilization is essential for achieving high beta. It remains uncertain whether this can be 
provided. The second stability regime of ideal ballooning mode can be reached either in D- 

.. shaped plasmas for sufficiently high q o  or in sufficiently indented plasma. However, in these 

cases kink mode instability is enhanced. 	Furthermore, a wide range of the plasma has to be 
nearly shear-free, a situation in which low-n internal modes tend to be destabilized. Also 
resistive destabilization of high-n modes is a concern. In conclusion, moderately elongated D-
shapes (K : 2) appear attractive for INTOR and allow enhancement of the plasma beta, 

but more unconventional solutions to increase beta presently are too uncertain to rely upon. 

4.5.3 Density Limit  

The density limit, if extrapolated according to common Murakami-Hugill-like scalings, 
tends to be a more stringent limitation to the plasma pressure, at temperature T 1 10 keV, than 
the beta limit. However, the physics understanding of this limit is incomplete, and results for 
discharges with intense additional heating generally show an enhancement of the density limit and 
indicate deviations from the Murakami-Hugill scaling. In JET, the density limit appears when the 
radiation losses become equal to the power input, a criterion which, when extrapolated to INTOR, 
predicts an appreciably higher density limit than the Murakami-Hugill scaling. Quantitative 
predictions, however, sensitively depend on the plasma edge parameters in this case. The limit 
to the safety factor, at least at modest values of beta and for conventional circular and D- 
shaped plasmas, is at qa  : 2 (which for poloidal divertor configurations is to be referred to 95% 

of the magnetic flux). 

4.5.4 Disruptions 

Operational limits are often due to the appearance of disruptions. In view of 
results from JET and TFTR, very short energy quench times, of the order of 0.1 ms, must be 
considered to be a possibility in INTOR. 	The energy deposition profile in a poloidal divertor 
configuration remains unknown so that deposition of up to the total plasma kinetic energy on 
either the divertor plates or the first wall must be considered. The current quench rate is 
determined by the evolution of the plasma parameters after energy quench, taking account of the 
electromagnetic coupling to the surrounding passive conducting structures and the capacity of the 
active position control device. If efficient position control is provided, a maximum current 
decay rate of 3 • 10 A/s appears appropriate for INTOR. 

4.5.5 Energy Confinement  

Extrapolation of energy confinement to INTOR involves large uncertainties. It is 
considered that relying on operating INTOR in a regime of improved confinement (H-mode) is a 
reasonable working hypothesis, although there are still major uncertainties with respect to the 
reactor relevance of this regime. These are related, e.g., to the possibility of controlled 
steady - state operation with limited impurity contamination and to the compatibility with RF 
heating and current drive, as well as with efficient power and particle exhaust for acceptable 
working conditions of the divertor plates and first wall. Also the scaling of energy confinement 
in the H-mode remains uncertain, in particular with respect to plasma size and plasma temperature 
(or, equivalently, heating power), but to some extent also with respect to other parameters such 
as plasma current and density. These issues are key research items in the ongoing tokamak 
physics program and are expected to be clarified within a few years. 
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4.5.6 Current Drive and Heating 
• 1Qun::: .  In 

ratio A 7 , ,,AAllahiSpecialiWs- Meetillpron non-inductive.:current drive was held imSeptember, 
1986 to understand the present status of experimental and theoretical developments [6]. This 

. 
 

specialists' meeting concluded that there has been considerable progress in research'on non-
- inductive current. drive in tokamaks. This progress includes all functions for which non-
, 4n4uCtive current drive can be used, i.e., steady-state current drive, current ramp-up and 

..Wansformer recharging, control of the current profile and MHD behaviour, as well as current 
initiation. The experimental data base is greatest for LH current drive. However, LH is 
predicted not to penetrate sufficiently in reactor grade plasma to -drive current in the central 

. The experimental data base for NB current drive is growing rapidly. Progress seems 
sufficient for a tentative extrapolation to reactor conditions for LH and NB current drive. 
Thus, either a combination of LH and NB or NB alone could be used for non-inductive current drive 
in INTOR.  

Recent high power experiments have made impressive progress in plasma heating by 
ieanA of different methods, as shown by the following examples: 

kga; .  

Stkap*, IPTII: 

bat ac 

LHW: 

• e0 
T-  =6 

4.5.6.1 Lower hybrid waves 

Lower hybrid waves have confirmed their efficiency for current drive in its 
- .different modes (steady-state up to the level of 2 MA, ramp-up, transformer recharge, start-up), 

for electron heating, for sawtooth stabilization and for profile control. Current drive 
iffidiency - of:- the aide!' Of - that prediCted for INTOR-like devices has been achieved 
experimentally, and current driVe operation at high density, provided the frequency is adequately 
eboseni-has also been demonstrated. 

e0 	 ' Convergerice between theory and experiments is good in most domains. Lower 
:hybrid waves, as the best documented current drive method and with its broad range of 
Applications, thus reinforces its position as a major candidate for most of the functions to be 
fulfilled by external power in INTOR, with the reservation that a poor penetration in high 
temperature, dense plasma is predicted. 

. 	" 	
,• - 

4.5.6.3 Ion cyclotron waves 

- 	Ion cyclotron waves have confirmed their position as one of the major 
candidates for plasma heating in the next step and future devices. Current drive by means of 
low frequency fast waves in the range co<5wo  (avoiding ion resonances) shows favorable 

A.5.6.2, 1High frequency fast waves 

reasemable 	 aa'c 	 , 
High frequency fast waves have the potential advantage of better penetration 

than lower hybrid waves and have shown a comparable current drive efficiency. The data base has 
grown teceptly but is still too meager to allow firm conclusions -on its potential for reactor 
grade plasmas. 

4 
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prospects regarding efficiency, penetration and insensitivity to a particles. However, the 
present data base on low frequency fast wave current drive is now sufficient to certify this 
potential.: 

4.5.6.4 Neutral beams 

The abundant data base on beam injection confirms the potential of this 
method for plasma heating. In recent experiments on neutral beam current drive in TFTR and JET, 
driven currents up to more than 0.5 MA have been achieved. In TFTR, the interpretation of these 
experiments is consistent with the existence of a significant bootstrap current. 

4.5.6.5 Electron cyclotron waves  

Electron cyclotron waves have demonstrated their usefulness for plasma 
heating. Their main handicap for this application is still the absence of efficient high-power 
generators, although the source development is making rapid progress. EC waves have also proven 
their utility for start-up assist and MHD stabilization and have a unique potential for local 
temperature control; high power coupling through the plasma edge is not a problem. This points 
to their use in INTOR for such functions. However, they do not appear favorable for current 
drive, except in the innermost plasma region. 

4.5.7 Materials 

New materials data have been reviewed on austenitic and ferritic steels, graphite and 
c/c composites, ceramic breeder materials, liquid breeder materials, divertor materials, and 
magnet materials. 

4.5.7.1 Austenitic steels 

Additional information include: 	sensitivity to aqueous stress corrosion, 
low temperature radiation effects on mechanical properties, effect of radiation on weldments, and 
fabrication experience of wall components. These new data show: aqueous stress corrosion 
cracking of austenitic steels, particularly in the presence of irradiation, is identified as a 
serious feasibility issue for the reference INTOR first wall/blanket structure. Significant loss 
of tensile ductility (the uniform elongation much less than 1Z) and fracture toughness is 
observed after low temperature (< 300° C) irradiation to - 15 dpa at He/dpa ratio of - 15. 
Fatigue properties for cold-worked and solution annealed material are similar and radiation has 
only a modest effect on the fatigue properties of austenitic steel. The tensile and fatigue 
properties of austenitic steel structures bonded by the HIP process with > 95Z bonding ratios 
(e.g. surface area) are similar to properties for the base metal. Austenitic stainless steel is 
the only reasonable structural material for the low temperature first wall and blanket of INTOR. 

4.5.7.2 Ferritic/martensitic steels 

. The selection of ferritic/martensitic steel as the first wall/blanket 
.structure for the low temperature, cyclic operating conditions of INTOR is not reasonable. The 
DIITT of ferritic steels is increased more than 200°C by low temperature (< 300°C) irradiation. 
The effect of hydrogen is of particular concern at the low temperatures where release of the 
internally generated hydrogen may be inhibited. The hydrogen effect may be even more critical 
for irradiated material, e.g. ADBTT, and/or for weldments. 

4.5.7.3 Graphite and c/c composites  

Three aspects of graphite and c/c composites, form of redeposited material, 
radiation effects, and tritium retention have been evaluated. A thin layer of amorphous carbon 
is observed on the entire chamber wall of the present machines after operation with graphite. 
The amorphous material has a large capacity for retaining tritium (0.4 tritium atom per carbo2 
atom). The predicted radiation lifetime of nuclear grade graphite at 800-1200 °C is < 1MW•y/m . 

The effect - of high helium generation rate (He/dpa - 300) is unknown but may be significant at low 
temperatures (< 1200 °C). The c/c composites provide significant tensile strength and fracture 
toughness advantage but are predicted to be significantly less radiation damage resistant because 
of the large anisotropy compared to nuclear graphites. 
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4.5.7.4 Ceramic Breeder Materials  
• 	,rc,spectr, 

orc:-- 11r.': data h.er  - n 	Significant —1( and D' 'efforts haVe 'been conducted with emphaiis on 
:-'- the:candidate ceramic breeder materials: Li 20, LiA102  and Li4SiO4 . Mass transfer/weight loss 

of Li20 in flowing He at low moisture contents generally correspond to thermochemical data. A 

significant transfer of LiOH from high temperature zones to lower temperature zones is 
Observed. The data from FUBR experiments show that the swelling in LiA10 2 remains low up to 3 

6,7 ,1at 2 6Li burnup and the other two ceramic breeders show considerable increase in swelling with 
.0=burnup at irradiation temperatures of 700 and 900 °C (4% for Li 20, 2.5% for Li4SiO4  and < 0.52 

for LiA102  at 700°C). In-pile tritium release behavior from Li20, LiA102  and Li4Sio 

have been examined. From VOM results, the tritium release from Li 20 seems to be the fastest, 

followed by that of Li4SiO4  for similar temperature and grain size. Tritium release rates from 

, ..- -.:teramic breeders are sensitive to grain size and temperature. Especially small grain size in 

LiA102  is critical because of low tritium diffusivity. At sufficiently high temperatures or 
.t  small grain size, most of the tritium should be released from all candidate ceramic breeder 

to 	teriali - 

4.5.7.5 Liquid breeder materials 

Eutectic 17Li-83Pb alloy and aqueous Li-salt solutions are studied as liquid 
breeder materials. The estimated operating temperature limit based on corrosion by 17Li-83Pb is 
4400°C for austenitic steel and 450-500 °C for ferritic steel. _Tritium permeation from 17Li-83Pb 
is a concern because of low solubility of tritium. There is a serious concern regarding stress 
corrosion cracking by Li-salts and tritium recovery. 

4.5.7.6 Divertor materials 

!ow 	. 	 Primaxy.oandidatu.materials_include .tungsten plasma facing materials bonded 
- 	. 	. 

fab$ 3 e. CR.PRffAl.,eat_si4; 	 materials_ara studi.pd.aajnnovative 
rargei Materiels: The cyclic faiigue data by torsion fatigue tests for the tungsten7copper  
brazed spedimen show that the lifetime of brazed specimens in the low strain range agrees well 
with that of copper,.and in the high strain range depends on the strength of the interface bond 
and tungsten. The lois rates of the liquid metal film to the plasma have been estimated for 
three candidate liquid materials: lithium, tin and gallium. The evaporation losses are much 

- less than the sputtering losses up to 500 °C for lithium and up to 900 °C for tin. Predicted 
sputtering rates for a metal surface do not differ substantially from those for the same material 
in the solid state. 'The tritium inventory in the liquid lithium layer is calculated to be on the 
.order of a few grams, and the predicted one for liquid tin is even less. The corrosion data on 
gallium show that the refractory metals are generally highly corrosion resistant, the steels 
moderately resistant and Ni, Cu and Al very low resistant. For He-burial material, candidate 
materials are vanadium, nickel and iron. The minimum energy for effective helium trapping (- 30 
at 2 trapping fraction) is estimated to be - 30-50 eV. 

4.5.7.7 Magnet materials 

The 	 ' 	'The radiation limits - 	 - for Nb Sn are estimated to be 2x10 18  2x1019  cm 2  3 
14... : TDe.dosplim4i for epoxy insulators and polyimide insulators are predicted to 

be in the range of 0.5 - 9x109  rad and 1x109  - lx1010  rad, respectively, depending on the shear 
stress re uirements 	u  :, 

4.6 Physics Design Guidelines  

' The limits to stable operation and the confinement prOperties of the INTOR plasma as well as 
related issues were reassessed on the basis of recent experimental and theoretical results. From 
this a set of new guidelines was evolved that significantly differs from those adopted in Phase 

_,,,Two A Part 2. 

In the following the new guidelines are listed together with comments where appropriate: 



(1 + /)
2  

1.2 1 + 2y 
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4.6.1 Beta limits:  

%lex(%) = g Ip  (HA) / a(m) B(T) 

with g = 3.0 - 3.5 

A value of g = 3.5 corresponds to the best experimental results achieved so far. It must be 
noted that g is dependent on configuration and safety factor. 

4.6.2 Useful Beta: 

°total/ 0DT 
1.3, for <T> ■ 10 keV, 

1.4, for <T> ■ 15 keV, 

1.5, for <T> = 20 keV, 

This is consistent with, e.g., n a/ne  = 5% for a-particle 

and 	 n 
z 
 /n

e 
 = 1% with Z = 6 for impurities 

(a higher impurity content may have to be allowed for); 

The pressure contribution of fast a-particles is respectively 13/25/32% of the pressure of 
the thermal component for the three values of the temperature referred to. 

4.6.3 Fusion power density: 

The coefficient c depends on profiles of density and temperature. 	For <T> = 10 to 15 keV, an 
approximation is 

where y characterizes the pressure profile: 



<n(max( 0
19
m
-3
))> = G I(MA) e  2 

a (m) 

taking 	-ae>l<aDT>., 
!ma For discharges with intense heating these limits can be about 3 times larger. 

(Greenwald) with G . 2 

4.6.5 	q limit (divertor operation):  

Fulfill both 
is = 	W'th 	= 

= -5ea(m) 2  B(T) / R(m) Ip(MA) > 2 

with K 	2xa
dl 

r2 
	b a2)) 1/2 

L  

(ii) 	the q = 2 surface is at distance inside the separatrix (at outboard side) 
not smaller than 0.1 m. 

The lower limit of q r  depends on the configuration. The specification given is 
consistent with the present data base, for moderate beta, but the note under 4.6.4 also applies 
here. 

Temperature:  

- 'MC; 
	 <T e> = <T > S 20 keV 

approxi -J.aticli is 
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bc;:: 
	 1 - (r/a) 2 )Y• 

4.6.4 Plasma density: 

The upper limits of the average electron density. for ohmic discharges can be 
estimated from 

<n, 	
19
m  -3)> g 

 B(T) 
= 	

I 	
(Murakami-Hugill) with g = 15 

emax(10 
	

to'n" q  

or, alternatively, 

Note: The specification for <na , ma  2,  for 	to INTOR conditions will in the 

future have to be replaced by one having a more convincing physics basis, such as the plasma 
power balance. 

This constraint is a reminder that reaching high temperatures in a tokamak may be difficult; it 
may have to replaced by a specification on how a possible bound on the electron temperature 
gradient affects confinement.- 

4.6.7 	Configuration:  

D shape; 

either moderate elongation in a single-null configuration: 

• 



The INTOR workshop 
	 147 

K = b/a > 1.6 / 2.2, 
triangularity 6 5 0.3 / 0.7 

where the first number refers to the upper half and the second to the lower half, to be taken on 
the separatrix, 

or strong elongation in a symmetric double-null configuration: 

1.7 5 K 5 2.2 , 
0.3 < 6 < 0.7 

on the separatrix. 
Higher elongation requires a higher value of q 1 . 

Note: the integrity of the scrape-off layer must be ensured; the minimum width of the scrape-
off layer is 0.1 m (outboard for a single-null configuration; outboard and inboard for a 
double-null configuration). 

4.6.8 	Plasma energy confinement:  

Rely on a regime of enhanced confinement ("H-mode characteristics"). 

Relevant scalings of the global energy confinement time 2 E(s) are 

ASDEX H (Gruber): 	 XE(s) = 0.1 I (MA) 2(m) 

ASDEX H (Schliersee): 	T (S) = 0.25 I (MA) 

T 	= 0.147 I ,
me 1.24 R(m) 1.65 (b/a)0.28 x Kaye-Goldston (x2): R . 	 p" 

ne(1020m-3 	Ptot(MW)- 
)0.26 	 0.58a(m) -0.49E(T) -0.09 

Mirnov: 	 ,-
TE

(s) = 0.15 I (MA) a(m) (b/a) °  .5 

Mereshkin-Mukhovatov: 	rE(s) = 0.017 ne(1020m-3) a(m) 0.25 R(m)2.75 q1  Te(keV)13.5 

JAERI I: 	 T
E 
 (s) = 0.19 a(m)

2 B(T) 

JAERI II: 	 rE  (s) = 0.071 a(m) R(m) B(T) (b/a)
1/2 

as long as the values obtained are shorter than the neo-Alcator confinement time 

(S) = 0.11 ne(1020m-3 ) a(m) 2(m)2  qI  • 

Matching with the neo-Aalcator scaling via an inverse-square interpolation is a possible 
procedure for some of the above scalings. 

Note that the actual uncertainty about energy confinement may be larger than the 
spread of the predictions obtained in this way. 

Required confinement capability: 

P
a  

Z 1.5 for ignition, W
thE 

+ P
rad 
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p- a. p 
C 	it  +.Pext 	1.5 , for driven operation, 

th E 	rad 

14S 

Power loss: 3% 

4.6.11 	Resistive loop voltage:  

R 
U(V) 0.1 Z 	 R(m) I(HA)  aff  

K a(m)
2 

a(keV)>3/2 

with Z
eff 	1.5 - 2. 

The speCification'of U does not include trapped particle effects explicitely. A 
ialueof

ef of 1.5 is consistent with the case given under 4.6.2 and allows in addition a 
Stall amount,oftadiut/bigh Z 411PYTJ..(e.s! 0.02 % 1 e). 

to be satisfied by most of the above scalings of T E; here Pa  is the a - particle power, W is 
th -- 

the thermal plasma energy, 
grad 

 is the power radiated from the plasma interior (bremsstrahlung, 

cyclotron radiation, 	and Pear  is the external heating power applied for driving the 

discharge. 

4.6.9 	Fast a-particle confinement:  

* This loss causes a load on the first wall localized between the TF coils and above (or below) the 

----'equatorial plane of'the plasma.at.small poloidal angles 

f,ST2.77: 

'Note: This guidance has an insufficient physics basis. 	The simulations of fast a-particle 
losses induced by the toroidal field ripple (see 4.6•.10) have not yet led to a generally 
accepted quantification. In addition, a-particle induced instabilities may degrade 
fusion a-particle confinement further. 

4.6.10 	Toroidal field ripple:  

- Mirnovz '-'7,(5 4. ElLat taltboard edge,, 
5 + 0.1% at centre. 

This specification is given to keep fast ion (in particular fusion a-particle) losses within 
acceptable limits, but it is presently not clear whether the condition is actually adequate. 

. CRITICAL ISSUES 

Dur , A$ t1 131-4-ie One conceptual design, several areas were identified in which uncertainties 
raise,  quP 	about the basic feasibility of the design or in which an alternative design 
Solvzion 	ae preferable. In some areas, the uncertainties arose because of absence of 
ft - damehi. 	.:formation and further progress must await results from the R&D programs -- in these 
, Lane- . - .1) program requirements were defined, as discussed in the previous section. However, 
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in some areas, it seemed possible that the issues could be resolved, or at least better 
understood, by intensive analysis -- in these instances critical issues studies were defined. 
Five areas were identified for intensive analysis of critical technical issues -- impurity 
control, electromagnetics, current drive and heating, configuration and maintenance, blanket and 
first-wall. In this section, a few of the most important results of the critical issues studies 
are summarized. 

5.1 Impurity Control 

The open, high-recycling poloidal divertor concept, which is now included in most tokamak 
experiments that have a divertor and in virtually all designs for future experiments, was 
originated and developed within the INTOR Workshop. Introduction of the open, high-recycling 
divertor concept in INTOR has influenced the tokamak experimental programs in ASDEX, PDX/PBS, D-
III and other experiments. 

The development and comparison of analytical models for predicting the plasma characteristics 
within such a divertor has been a major task of the INTOR Workshop. Models developed by the four 
Parties to the Workshop have been successfully compared among themselves and to experimental 
data. An INTOR-related IAEA Specialist's Meeting [6] was held to bring together experts in 
plasma edge and divertor modeling. As a consequence, there now exists a relatively high degree 
of confidence in the ability to predict the performance of such divertors. 

'111 ,10 a consequence of the work to date, the conclusion is that a high recycling divertor with a 
tungsten target is the best available impurity control system to maintain a clean plasma in INTOR 
and to ensure low target erosion during a fully inductive operational scenario. Impurity control 
with current drive during an ignited burn is likely to be different due to the increased power 
loads. A stable radiating edge layer and, in this respect, impurity flow reversal would be 
beneficial. Continuous current drive with a sub-ignited and clean plasma may also be difficult 
and possibly only achievable with very low power amplification factors. During inductive ramp-
up, it is expected that adequately high recycling conditions can be established within the 
divertor, but this is less certain in the case of non-inductive ramp-up. Consideration has been 
given to the use, in the initial phase, of low-Z target material (e.g. carbon and beryllium). 
During an inductively driven ignited burn, such targets sputter at rates which are 10 times that 
of tungsten but, even so, target lifetimes exceed the likely duration of the initial phase of 
operation. Such materials are unlikely to be suitable for the more extended engineering testing 
phase unless the divertor target surface can be readily renewed. 

The relative merits of single and double null poloidal divertors have been assessed. 
Experimental data indicate that H-more operation can be most easily achieved with a single-null 
divertor, whereas the conditions needed for attainment of high elongation and control of vertical 
position favor the double-null divertor. Edge plasma modelling predicts that the peak power 
loading of the divertor target is lower in the case of the double-null divertor and that, based 
upon present understanding, adequate exhaust of the helium ash can be obtained by pumping only 
the bottom divertor chamber. 

' - 
The pumped-limiter was examined, as an alternative to the divertor, because it offered the 

.;, advantage of a simpler and lower cost INTOR concept. The potential performance of the pumped- 
limiter was evaluated by an assessment of the pumped-limiter experimental data and an 
extrapolation of these data to predict the performance of a pumped-limiter in INTOR, using large-

' scale computational models. It is expected that pumped-limiters have less potential for impurity 
control and more of a sputtering erosion problem that poloidal divertors, owing to the greater 
difficulty anticipated in establishing a high-recycling, low edge temperature regime in the 
former than the latter. The overall conclusion is that the poloidal divertor will offer many 
advantages over a pumped-limiter in INTOR. 

5.2 Electromagnetics 

olishi"g the requirements for control of the plasma position against radial and 
hori. :al 	dacements was a major task 	of the INTOR Workshop. Calculational models were 
de- - ' -Pe' 	intercompared among the parties. 	It was determined that for this purpose a model 

the plasma as a single circuit element (as opposed to a distributed plasma current 
.equate. For the control of the radial position of the elongated plasma only a slow 

.em is required since the plasma is stable against radial displacements. The easiest 
,o introduce a poloidal field amplifier to control the current in the outer PF coils. 

_on, feedback is needed for the remaining PF coils to control the plasma current and 
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1 1 .503,e  

(eg. elongation, triangularitY,,hUlt-point poiition, etc.) as functionsof time during the 
_pulse. The control of the vertical position of the plasma necessitates the use of a fast power . 
,Supply since the plasma is unstable in this directioh with a growth time for INTOR and INTOR-like 
devices of the order of 5 - 50 ms. Analyses identify the need for passive conducting material 
hear the plasma, in order to reduce the requirements on the active control system, but indicate 
that the normal torus structure can provide this function, provided that the toroidal 
segmentation is not too great. The active radial stabilizing -field is produced by a pair of 

-axisymmetric coils in series, but these cannot be placed outside the TF coils because the time- 
varying field would produce very high AC losses. Estimates for the control power required for 

W the INTOR stabilizing coils is in the range of 20 to 50 MW. The growth rate of the vertical 
: .instability is shorter for high elongation plasmas than for low elongation plasma with the same 
v.iiassive structure. The single-null and double-null plasma configurations differ in the 

requirements they impose on the control system. This is because, in the case of the single-null, 
"there is a coupling between radial and vertical displacements, whereas this is not the case for 

the double-null. Also the symmetry of the double-null system eases the problems of the plasma 
t .position detection system. The overall conclusion is that the active control system for the 
double-null is simpler, more reliable 	less demanding in power than for the case of the . 	, 

4.4. TAingle-null at the same average plasma elongation. 

field,(PF)Ooil configuration and currents are determined by the plasma current, 

plasma current density distribution, plasma shape and allowable coil locations. Benchmark 
klialculations were carried out by the four INTOR participants for specified double and single-null 

tuagi. aiima configurations,, The .problem to be solved was to find the optimum PF coil locations and 

.a.1“ , currents for minimum nimum objective'fisnction (eg. superconductor mass current sum or magnetic energy). 
. 	 • 

u` 	 all  results 	all four participants were in very good agreement for the double-null plasma 
,configuration. However, fer the single-null plasma configuration the results were rather more  

` ,spread. This spread was due mainly to the high multipolarity of the PF coils system and the 
a,d effeCt,of mutual."screening" of closely located coils plus small differences in the plasma shape. 

The conclusion of this exercise was that all codes give the same results if the same constraints 
, are used. 

Lurk 	Extensive analyses • of , the 'impact of the various possible access schemes _to the torus _  
of &40Ponents have been pagpipied % i jhe„,referenc4 4MTOR;cOncept  Al.:corporates e,horizontalaccess 
„,a400#rach. which requires,,that,n8JF, 1:44aaced. T near the mid-piane, _,04.1AternatAve Is a 

vertical access approach, which allows coils near the mid-plane. High elongation plasmas require 
less magnetic field energy in a vertical access scheme than is required in a horizontal scheme. 
For lower elongation plasmas, there Is _no clear-cut advantage from the magnetic stored energy 
point of view between the two access schemes. 

If current density and field are increased in both the toroidal field (TF) and ,PF coils the 
reduction in overall machinesize can be significant. However, in both coil systems, the current 
density is limited by structural requirements rather than by the superconductor material 
properties. The superconductor comprises only a small fraction of the coil area, the rest being 
occupied by coolant, insulation, copper to provide thermal quench protection, and structural 
reinforcement. Improvements in structural materials are seen as the major avenue to increasing 

- -winding pack current density. 

.3.Non-Inductive Current Drive and Heating 

n: 4 series, of-benchmark calculations for non-inductive current drive have been performed by all 
:four Parties to the INTOR Workshop. Analysis of studies on steady-state and cyclic current 

drive and on profile control for INTOR-like devices (i e=20 keV, ;e=0.7x102°  m 2 ) have shown 

comparable current drive efficiency (y=0.3 to 0.5 (1020 m-2  MA/MW) for a number of drivers: LHW 
'r2 a:Voive 3 GHZ; NBI; high frequency (0.2 to 1 GHz) fast waves; and low frequency (20 to 70 MHz) 

fast waves. For FW and NBI, this high Te  was chosen to increase y. 

Analyses indicate that LHW will not penetrate to drive current in the central regions of a 
full-density INTOR plasma. Thus, LHW could be used for transformer recharging or initial start-
up, at reduced density. Alternatively, beam injection (or possibly IC waves or EC waves) to 
drive part of the current in the plasma core, with lower hybrid waves for current drive in the 
plasma exterior,- -offers an attractive possibility for steady-state current drive by using the 
respective techniques in the regions where their performances are optimum. 
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A deuteron energy in the range of 0.4 to 0.8 MeV is optimum for NBI current drive for INTOR-
like devices. One necessary condition for the use of NBI is thus a successful development of the 
technology based on negative ions. 

Bootstrap current calculations for INTOR show that external current drive power may be 
reduced by 50% to 90%, depending on plasma density profile, if this neoclassical current 
contribution should appear. 

According to the modelling studies, current profile control by means of the HFFW should be 
flexible; and neutral beams have also shown such potential, which is restricted, however, by 
shinethrough constraints. Although the LHW profile control has been demonstrated experimentally, 
it cannot be relied upon for this function in the core of reactor grade plasma; it could be used 
in low density phases of the discharge. The potential of EC waves for local temperature control 
still appears valid. 

For transformer recharging or initial current ramp-up, the LH driver is attractive. At low 

e and fe (=4x1018m-3  and =2 keV) centrally peaked current (8 MA) may be maintained with a 
reverse emf of -0.01 V/m and P

CD 
 =20 MW is needed for INTOR. The option of using NBI appears 

more restrictive. The fuelling by beams imposes operation at n
e
klx10

19 
m
-3

, which enhances the 
me 

power requirements. Using Eb=0.5 MeV, it would appear that P cD=50 MW and Zeff=10 is needed for 

the same INTOR recharge/rampup specification. A positive result is a smaller cycling of the wall 
loading and of 0 with this higher density. However, the considerable NB shinethrough fraction 
is a real engineering problem at such densities. 

Thus, for current drive applications, among several proposed methods, only lower hybrid 
waves, with a large data base, and neutral beam injection, with more limited one, offer presently 
reliable prospects. For cyclic current drive, lower hybrid waves appear as the method choice. 
For steady-state applications both methods have drawbacks: the LHW because of a restricted 
penetration in hot and dense plasmas, and NBI because the high beam energy required imposes the 
use of negative ion technology, the development of which is still at an early stage. A 
combination of both methods appears at present the best option. 

' Several options for the choice of a heating method can be extrapolated confidently to the 
reactor level on the basis of their present physical and technical achievements. Ion cyclotron 
waves, lower hybrid waves and beam injection (at moderate energy level) may already be relied 
upon. While recent progress in the development of required generators for electron cyclotron 
waves could soon overcome the source deficiencies of this method. For the heating mode envisaged 
for INTOR, i.e. second-harmonic heating of deuterium, an intense modelling effort has been made. 
This includes wave coupling to the plasma, wave propagation and absorption. The main results are 
the following: while for plasma parameters approaching the thermonuclear regime the absorption 
is single-pass, this is not expected to be the case for the Ohmic target plasma. The addition of 
a few percent of H ensures single-pass absorption also under Ohmic conditions, but makes H 
minority heating dominant in the whole parameter range up to ignition. The power absorption 
profile is well centered in the plasma core in both cases. A point demanding further attention 
is wave absorption by fusion alpha-particles. The validation of the models developed will have 
to await the results of IC heating experiments in large tokamaks such as JET and JT-60. 

A considerable modelling effort was also made to analyze LH heating to ignition. If an 
appropriate choice of the frequency is made, one can couple the power to the electrons during the 
entire heating phase or, alternatively, during most of the heating phase except when ignition is 
approached where ion heating sets in. This would allow driving, at the same time, a large 
fraction of the plasma current non-inductively. Feedback control of the spectrum is necessary to 
ensure power absorption in the plasma core. From the scaling of the upper density limit for 
electron heating and current drive, a choice of the frequency somewhat above 3 GHz is indicated 
if it cannot be ensured that the DT plasma has a hydrogen admixture of less than about a percent. 
The physics models used in this analysis were also applied to LH heating experiments in present 
devices and found to provide a satisfactory description of the observations. 

5.4 Configuration and Maintenance 

The INTOR design concept is based upon horizontal access for removal of torus segments. This 
maintenance concept simplifies assembly/disassembly but complicates the poloidal field coil 
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design by excluding coils from the near-midplane region. 	Comparison of the horizontal 
maintenance approach with an approach in which torus segments were removed vertically was a major 
task of the INTOR Workshop. Each party developed vertical access configurations for comparison 
with the INTOR reference design and other horizontal access configurations.. Those configurations 
include purely vertical access, oblique access and a configuration with combined vertical and 
horizontal access. The major differences and impacts were examined considering the following 
features: torus segmentations and access port size, TF coil bore and supporting structure; 
active coils and passive structures; arrangements for plasma position control; bellows structure; 
reactor building size and shape; 	PF coil system; interfaces for heating and current drive 

,devices; and maintenance procedures and equipment. 	Some differences were recognized, although 
there were some difficulties in developing quantitative criteria, except for the impact on the PF 
coil system. It was found that for low elongation plasmas, there are no clear-cut advantages for 
either maintenance approach with respect to stored energy and power supplies. For high 
elongation, locating the PF coils closer to the midplane of the machine can significantly reduce 
these PF system requirements. As a general conclusion, vertical access should be suitable for 
high plasma elongation and horizontal access for low elongation. 

, 	 . 
Access port size available for the vertical access configuration is smaller than that for 

horizontal access configuration, leading to greater segmentation requirements for the removable 
part of the torus structure. The higher segmentation permits a smaller weight of the replaceable 
module but, on the other hand, reduces tritium breeding efficiency and passive stabilization of 
,the plasma. - 

7  For the vertical access configuration, the upper , active control coils are segmented. The 
somber of TF coils for the horizontal access approach should not exceed 12 in the case of 

'providing simple straight line maintenance procedure. - For the vertical access case,'this number 
,can.be increased, leading to a smaller TF. coil bore size. 

In both cases, heating and current drive devices will be installed horizontally at the 
midplane. Removal of first wall/blanket segments for the vertical access configuration requires 
overhead maintenance handling equipment. This equipment must be- capable of providing for 
.translation, lifting and in some cases the tilting of components. Either the reactor hall must 
be sized to accommodate the peripheral reactor equipment for maintenance and initial assembly or 
a reactor hall upper deck with a tight intermediate containment where no personal access is 
permitted must be sized to accommodate maintenance equipment and initial assembly. The 

:iperipherals_are housed in tight isolated cells around;-the- reactor where personnel,aceess is 
6wmit,;_s4 2  114s, latter concept allows a .-emaller.,,,building span. Both approaches seem to be 
feasible. . . 

The effectiveness and engineering feasibility of ferromagnetic inserts for ripple reduction 
were investigated with the following conclusions. The ferromagnetic inserts can reduce TF ripple 
.effectively at the plasma edge and across the plasma cross-section, permitting a reduction in TF 
,Coil size and number. Typical calculations show that the use of the inserts in the reference 
INTOR machine gives the possibility to reduce the TF coil size by 0.5m or TF coil number from 12 

10. No major difficulties in the integration of ripple inserts into the reactor structure are 
envisaged. Forces acting on the inserts (10-25MN) seem to be manageable. The effect of the 
inserts upon the electromagnetics is also manageable. With respect to the INTOR Phase One design 
„ceeciOt, two improvements in divertor and first-wall replacement procedures are suggested: 1) 
_the baking time required before maintenance operation is approximately 2 weeks and is the biggest 
,contribution to the down-time. Thus, vacuum or inert gas coverage should be maintained during 
lea(ntenance .te,avoid the baking; and ii) damaged , components such as first wall armor tiles 
shpuld.be considered to be replaceable in-situ instead of removing massive modular structures. 
For the divertor plate cassette replacement, it is recommended to use a transfer cask under 
vacuum/inert gas. For the first wall an in-situ replacement .. of armor tiles, using a remote 
handling manipulator placed in an "ante-chamber", is recommended. In order to realize in-situ 

:replacement of first will armor tiles, easily replaceable tile attachments are necessary as well 
`as the development of in-vessel inspection systems. 
fractic-. 01 	 _ 	 - 

.n„4rritium contamination in the reactor hall by outgassing of.--"the reactor-inner surface-and 
Additional contamination from the dust created by sputtering/disruption are crucial when the 
torus is opened for maintenance. Several solutions are proposed to limit or reduce the risk of 
contamination in the reactor hall. To cool the transfer casks with a chiller system in order to 
minimize the tritium outgassing can prevent any spread-of contamination inside the reactor hall 
by containing the dust inside the casks. Another possibility is to use plastic shroud enclosures 
in order to contain withdrawn pieces to stop the spread of tritium contaminations. The only 
concern here deals with the metallic dust after heat. For small openings, the use of a separate 
aspiration system for air induction into the torus is also considered as a means to prevent the 
spread of tritium and dust into the reactor hall. All the proposed methods are of common use in 



5.5.2 First Wall Designs 

The first wall design effort was concentrated on evaluation of critical issues 
associated with a bare steel wall and a graphite protected wall. The following general 
conclusions are suggested: 

1.' It is preferable to use in INTOR a non-reactor-relevant concept with low pressure/low 
temperature water as a coolant for better reliability; 

Austenitic stainless steel is the only reasonable structural material for the low 
temperature first wall of INTOR; 

iii. There are two possible design concepts for the INTOR first wall: 
- Bare stainless steel first wall design concept, and 
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the tritium technology area and are expected to be applicable to later fusion reactors. 

A large containment area located in an upper space of the design, called tight intermediate 
containment, is proposed for the vertical access concept. To this area personnel access is 
excluded. 

5.5 Blanket and First-Wall 

5.5.1 Disruption Analysis 

Since disruptions have a major influence on the design and performance of the first 
wall and divertor, special emphasis has been placed on analyses and experimental observation of 
these effects. A parametric erosion analysis has been performed for the first wall and divertor 
materials for a range of conditions, and the predicted erosion for the postulated disruption 
scenario has been determined. Also, the effect of disruptions on the fatigue life of a steel 
wall has been evaluated and experimental observations on simulated disruptions were reviewed. 

The parametric disruption analysis considered dilruption times of 0.1 to 20 ms, 
deposited energy densities of - 100 - 1000 J/cm on stainless steel plus graphite, and on 
tuwsten. The extent of vaporization, melt layer thickness for the metals, and effects of vapor 
shielding were determined. Based on the postulated disruption scenario, in which the thermal 
quench was assumed to occur in -0.1 ms with most of the energy going to the tungsten divertor 
plate, the predicted lifetime erosion of the tungsten was - 17 mm and that of the steel wall was 
- 1.7 mm. For this case, the melt layers were assumed not to erode in the short disruption 
times. 

The effects of these disruptions on the fatigue life of a steel wall is a major concern that 
has not been completely resolved. Analyses indicate that surface cracking of the wall will occur 
as a result of severe disruptions; however, propagation of the crack will not occur, and hence, 
the normal fatigue life will not be significantly degraded. Other analyses indicate that 
stresses created at the surface by the disruptions are sufficient to severely degrade the fatigue 
life of a steel wall by approximately one order of magnitude. It is apparent that the ASH! and 
RCC-MR design codes are not applicable to these conditions. 

Experimental observations of simulated disruption effects with electron beams on steel 
indicate more melting and . less vaporization then predicted by the analytical codes. The 
difference is attributed primarily to momentum transfer from the electron beam, which is not 
accounted for in the codes. It remains to be determined whether significant momentum transfer is 
expected in an actual plasma disruption.. 

- Protected first wall design concept; 

iv. The choice of the extension of the protection of the first wall steel structure by low Z 
tiles for INTOR is based on the uncertainties regarding the effects of disruptions on 
the fatigue life of a steel wall and different interpretations and/or application of 
design codes to allowable lifetime and/or stresses. 

A bar- stainl i first wall is currently the reference for the INTOR design [4]. The 
primary advant . 	ne bare steel wall includes design simplicity and a well-established data 
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base. Key issues identified for further study include: 	(1) effectiveness of vapor shield 
during disruptions, (2) eZfacts of disruptions on fatigue life, (3) melt layer stability during 

' ciisruOtioria -; - an& 0'1 .. advantages - and disadvantagesr - of -cold-Worked versus 'solution annealed 
stainless steel, particularly as effscted by welding/joining. For bare first wall 
designs with a fatigue lifetime of 2x10 cycles, 	the allowed park nominal heat fluxes are 

 

assessed  to be 0.2-0.4 MW/m 2  depending On: i) The initial minimum first wall thickness of 3- 
6mm, where especially for the smaller value stable disruption melt layers are required; ii) the 
evaluation of disruption effects via different fracture mechanics methods; and iii)' the coolant 

-'- channel geometry*(coolant direction, double containment, design pressure). 

	

 

Two types of first wall protection are proposed: 	i) local protection by "guard" or "sub" 
limiters for rapid replacement and ii) 	extensive coverage by protection tiles with radiation 
cooling. 	' 

• With radiation cooled 'graphite tiles on austenitic steel first wall structures, 

• high nominal peak heat fluxes of 0.5 MW/m 2  at 2x105  cycles can be achieved, limited by both steel 
fatigue and graphite temperatures/erosion, considering a thin steel wall thickness, reradiation, 

;:a21,U:artil residual tile heating. :,.. 

1Terfkiereareoulever::Also.-several critical issues which will limit the use of graphite tiles 
depostrfirstuell,protectiow,for the.next generation tokamaks: ,i) irradiation .damage is expected 

-010. lead to severe anisotropfC swelling (a' lifetime 	1 MW Y/m
2 

is predicted for nuclear grade 
• iiiihite -and -aVen lessfete -c/C composites); ii) a general concern for the integrity of the tile 
1=1 :attatBmAt, - bOthfOr bonded and mechanical solutions; iii) the total erosion due to physical and 

'chemical sputtering hat been estimated for graphite (assuming about 1% oxygen) rising to about 
-_, 4 15mm/year at - 1200°C; - ' iv) the form and location of redeposited material is also a key issue. 
t '7'-{Graphite may redeposit as amorphous carbon with different- properties); and v) outgassing 

properties of graphite will present major vacuum problems during startup. 

5.5.3 Divertor Collector Plate Design doncept 

The'aMphisis- :Cif -thOqiertor 	effort - 14S" been ondetailed analysis of the. C011ector 

"AX1

• 

	r   
S-ta referetIda'daSign; - tha-  *Udy OCaita'61ative SOIld'Staie coll'ebtors, - un - neW pleama -disruption 

P- 7' -scenarios, the development okinnovaeionn'On liquid metal collector and on self-pumping divertor 
applications. 

" The reference concept for the divertor plate remains an actively cooled plate consisting of 
-'''-=5 :EUngsten tiles on the plasma side bonded to a cooled copper or copper -based alloy heat sink. By 
z'''"-'-Usa of buffer materials between the W-armor and the Cu-alloy heat sink, it is 

:possible to obtain a structure where ASME criteria are satisfied and the allowable number of 

cycles exceeds 2x10
4 

under thermal loads of -5 MW/m
2 
 . The key issue here is the choice of 

optimal fabrication method of tungsten-copper bonds. 

AnalysiS of the anticipated disruption scenario shows that significant divertor plate 
:-.r -thermal erosion will take place. For tungsten, for example, evaporation constitutes about 1.5 

- md"At 2x10
4 
 cycles of tokamak operation. 

Two innovations on applications of :-helium burial in divertor and on liquid metal divertor 
collector plate were developed. The first innovation allows a reduction in the required pump 
capacity, tritium processing and fueling and an increase in the-helium removal efficiency and 
space for nuclear and tritium breeding modules. The second innovation helps solve the problem of 
erosion and thermal fatigue and provides for divertor plate operation without excessive damage 
for the total-INTOR,lifettmeiL. '!“' 

-5.5.4 Tritium-breeding blanket 

ow 

A wide range of-L-blanket concepts have been studied with the primary objective of 
inver ing the feasibility of achieving tritium self-sufficiency without comprowising the 

eliability of the machine and with modest R&D requirements. The' evaluations led to the 
"g main_conclusions for the concepts considered: 
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5.4.1 Ceramic breeder with water or helium coolant 

Water cooling at low temperature is preferred, primarily because of the 
reliability goal and the achievable compact design. For this case the ceramic breeder (Li20, 

Li4
SiO

4' 
LiA10

2
) should be arranged in the form of hot pressed plates or of pebble beds 

surrounding the coolant tubes and contained in modules with austenitic stainless steel as 
structure material. Beryllium or possibly lead are required in significant quantities (up to 80% 
of blanket volume) as neutron multipliers in order to achieve adequate T-breeding. T-extraction 
is performed via a low pressure helium purge flow, possibly doped with hydrogen for reduced T-
inventory. The main critical issues concern the integrity of the pebble bed, 
consequences of coolant tube leaks and ruptures, compatibility problems with the multiplier and 
stress corrosion by the water. 

5.5.4.2 Lithium-lead eutectic breeder, self-cooled or water-cooled 

Water cooling is preferred, mainly because of the R&D requirements, which 
would be significantly higher due to primarily MHD effects in the self-cooled concept. For water 

_cooling at about 10 MPa, the coolant tubes would be submerged in the liquid breeder, which would 
;be contained in long poloidal pressure tube modules. Beryllium may be needed in limited 
,quantities (20% of blanket volume) for achieving T-self-sufficiency on the outboard side only. 
For T-extraction, the liquid breeder is slowly circulated at a rate of up to 10 times per day. 
The ongoing R&D effort has led to reasonable confidence on the basic feasibility of the concept 
izegost of the previously identified critical issues such as corrosion of the structure material 
by the eutectic or safety consequences of a coolant tube rupture. More development work is 
required on the T-extraction systems and on aqueous stress corrosion of austenitic steel. 

5.5.4.3 Aqueous lithium salt blanket 

First conceptual studies indicated the possibility of using Li-salt (LiOH 

or LiN0
3
) dissolved in low temperature coolant water as a simple blanket solution, by which an 

initial shielding blanket could be later transferred into a T-breeding blanket. In order to 
achieve T-self-sufficiency, however, at least 65% of the blanket volume would have to be 
beryllium. The T-extraction from the coolant water is a well-established technology based on 
CANDU experience. However, the large processing capacity required in order to maintain 
acceptable T-levels in the coolant is estimated to require up to $50M for the associated T-
extraction system of INTOR. The major technical feasibility issue relates to stress corrosion 
of the austenitic steel structure, including irradiation effects. 

It is concluded that there are several blanket concepts which have the prospects of 
achieving tritium self-sufficiency without major impact on the machine reliability and with 
modest R&D effort. 

6. ENGINEERING TESTING 

6.1 _Testing 

The INTOR operational requirements for engineering testing were evaluated. Three 
different aspects of testing were considered: (1) fluence requirements for structural materials 
radiation damage; (2) short-term operational requirements for blanket testing; and (3) long-
term opetational requirements for establishing component reliability. 

Fluence requirements for structural materials radiation damage'tests  

The impact of materials irradiation testing in INTOR on reducing the uncertainty 
in the structural materials data base for DEMO design was evaluated for stainless steel and for 
an advanced alloy, typified by a vanadium alloy. The type of information obtainable is shown in 
Table 6.1. The value of information from INTOR in reducing uncertainty depends upon the 
availability of a high-fluence neutron source such as MIT. The impact of different fluence 
levels in INTOR upon the risk associated with the performance of the structural materials in DEMO 
is summarized in Table 6.2. 

Testing of structural materials in INTOR at a higher neutron fluence will provide 
a better data base for constructing the DEMO. The evaluation of the necessary neutron 



Maximum testing fluence Benefits of testing 

TABLE 6.1 STRUCTURAL MATERIAL FLUENCE EFFECTS [4] 

Stainless steel 

0-1 MW.rm
2 

- 
1-3 MW•y•m

2  

Little useful information 

Confirmation of low-fluence effects predicted with other sources 
particularly for tensile properties 

cc,  
vlavt 
ror 

Safrx: 7c,7, 
- ;J4411, 

t) th 

Model verification from observations of microstructure preceding 
long-term behaviour changes 

„confirmation of performance (particularly swelling) near end of life 

• Tensile properties still changing 

2-3 MW•y•m
-2 	

No swelling observed, important role within an alloy development 
.program 

,376 MW•y•in
-2 

Abovell_MW!rm 

Vanadium alloys  

2 .0-2 MW•rm 
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fluence for such teitIng'indiCates that a fluence of 2-3 MW.y.m 2  will probably be the minimum. 

sac. 

TABLE 6.2 	EFFECT OF INTOR FLUENCE ON STRUCTURAL MATERIALS RISK a  IN DEMOb  [4) 	-" 

High-fluence 	 with "FMIT" 	 without "FMIT" 
fusion test facility 

Stainless steel 	3 MW.y-m
-2 

low risk 	3 MW•y•m-2 low-medium risk 

Vanadium alloys 	3 MW•y•m
2  medium risk 	3 to 6 MW•y•m -2 high-medium risk 

a  Medium risk defined as good chance that material will exceed 50% of design life, 
b  but significant chance that 100% of design life may not be met. 

Assuming fission reactor test program. 

6.1.2 	Long-term operation component reliability  

The benefit of long-term component operation was quantified in terms of the 
number of hours of operation that would be required to assure an 80% confidence level in 
predicting the mean-time-between-failure-(MTBF) for that component in the DEMO. Anticipated MTBF 
were established for INTOR and DEMO components, then the test time required in INTOR was 
determined from reliability analysis, taking into account the number of such components present. 
The major benefits that would result from long-term component operation in INTOR are: 1) 
Atfidition -I of 'failure modes; 2) determination of failure rate and distribution; 3) 

=t'determination of failure recovery time; and 4) identification of design improvements. There 

is a substantial incentive to achieve at least 2-3 MW.y-m 2  fluence for component reliability 
testing. 

achi f T-5,;(117:-%7,fiic,: ,ny 	however, lt 
bLryl 

C 
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6.1.3 	Blanket testing requirements 

The requirements upon INTOR operation were assessed for several different 
types of blanket tests -- neutronics, tritium recovery, materials compatibility, heat recovery 
and breeder lifetime. In general, the neutronics tests do not impose significant requirements 
upon operation. The minimum continuous operating times were estimated for solid breeder tritium 
recovery tests for heat recovery tests to be about 65 h (about 950 continuous cycles) and about 
1250 s (about 5 continuous cycles), respectively. Solid breeder microstructural and 
thermophysical property changes with radiation are estimated to saturate at about 0.2 MW•y•m 
neutron fluence. Since INTOR will have a lower volumetric nuclear heating rate than DEMO, it 
will be necessary to simulate the DEMO thermal-mechanical conditions in specially designed test 
modules in order to obtain relevant information on tritium release, heat transfer and materials 
compatibility. 

6.2 Cost-risk-benefit assessment of fluence objective 

Neutron fluence is a convenient characterization of the INTOR performance objective. Many 
radiation-damage-related testing capabilities are directly related to fluence. In addition, the 
accumulation of long-term component operation reliability data can be correlated to the fluence, 
for a fixed neutron wall load. 

A cost-risk-benefit comparison of alternatives with different fluence objectives was 
at 
performed. A risk-benefit figure-of-merit was defined by taking into account the importance of 
the information from INTOR to the design basis for the DEMO and the probability that a given 
INTOR alternative could provide the information required of INTOR. This probability comprised 
two factors: 1) the design objective (e.g. fluence goal) of the alternative; and 2) the risk 
associated with achieving the design objective. 	The figure-of-merit was normalized so that the 
Phase One INTOR concept, which provided all the information necessary to supplement that from the 
base program and complementary facilities to complete the DEMO design basis, would have a value 
of unity. This figure-of-merit and the costs are shown fort  four different alternative, 
ranging in fluence capability from 0.2 to 10.0 MW•y•m , in Table 6.3. There is relatively 
little difference in the base capital costs, but a rather large difference in operating costs, 
which results from the different operational lifetimes and tritium costs. The first case only 
produced about 40% of the information (in an importance-weighted sense) that is required of 
INTOR, while the other cases produce about 70-80% of the required information. The cost of 
producing the missing information elsewhere, or, alternatively, the risk of designing the DEMO 
without it, has not been factored into these numbers. 	The additional cost that might be 
associated with achieving the higher availability that would be necessary with the higher fluence 
cases has also not been factored into the capital costs. 

On the basis of the cost-risk-benefit analysis, the low-fluence alternative was rejected 
because it produces about 40% of the information (importance-weighted) required from INTOR, and 
the high-fluence alternative was rejected because of the high risk associated with the design. 
There is no clear preference between the two intermediate fluence alternatives. 

The evaluation-2  nf testing requirements in Section 1 indicated a strong incentive to achieve  
'about (2-3) MW•y•m for structural materials properties (tensile, microstructural change) data 
and for component reliability data. While there was incentive to achieve higher fluence, this 
incentive was not so compelling. 

It was concluded that INTOR should be designed to achieve a neutron fluence of 4.....3MW•y•m -2  with a 
high probability of success. The design should allow for operation to achieve higher fluences, 
but with a lower probability of success. 

6.3 Machine Operation and Test Program 

A preliminary operation and test plan has been developed to provide insight into the design 
and operational requirements that must be imposed on INTOR. This plan has been developed using 
judgement as to where INTOR fits within an international fusion development plan, as discussed in 
Section 2, and taking into account the complementary roles that will be played by other plasma 
physics experiments and technology testing facilities. A summary of the types of testing 
included in the test plan is given in Table 6.4. 

Some tests will require nearly continuous operation for some period of time. In particular, 
some of the tritium recovery tests will require a 70% duty cycle and continuous operation for one 



TABLE 6:4 TYPES OF TESTING IN INTOR 13] 

PLASMA PHYSICS 

Vacuum vessel conditioning 
Assisted start-up 
Long-pulse ignition experiments 
Performance optimization 
Non-inductive current drive 

PLASMA ENGINEERING 

Impurity control and exhaust technology 
. RF heating technology 
Burn control technology.  

,Continuous burn methods technology 

BLANKET AND ENGINEERING TESTS 

Prototype module 	, 
Tritium extraction 
Critical element - 

BULK MATERIALS 

_Z 'JirradiationNeffects upon properties of 'candidate structural 
.1-_ --naterials,-..insulatots,.:-hig1i -haat flux tisaterialS, breeders 

and neutron multipliers 

SURFACE EFFECTS 

INTOR, 	thr 

• 

Retention/re-emission characteristics 
Plasma impurity release 
Surface erosion/re-deposition 
Surface microstructural changes 

REACTOR MATERIAL AND COMPONENT SURVEILLANCE 

Engineering performance of systems 
zArailure modes and rates , 

,, hWrintebance experience 
Reliability data 

MUCLEAR_TESTS. - high proba:3ilit ,  
= 

ncentiva na6. n c  

Tritium breeding ratio 
Nuclear reaction rates 

,!-t:1-VolumetricLnuclearheating 
Neutron and gamma-ray fluxes and spectra 

6.3 MACOr-, 0, 

ELECTRICITY GENERATION 

-Early power generation - end of Stage II 
Prototype DEMO blanket -- end of Stage III 
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_ 	 . 	. 
week to one month in order to reach equilibrium conditions. 	On the other hand, thermal- 
hydraulics testing will require only a 50% duty cycle and continuous operation for approximately 
one hour. Achievement of the required fluence for reliability testing of blanket modules and 

,other_components will require machine availability of about 30% 

oi 
'a? r:Ict of 
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YEARS OF OPERATION 
1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 

STAGE I STAGE II STAGE III 

PLASMA EXPERIMENTS 

BLANKET TESTING 
MODULE 
TRITIUM RECOVERY 
SPECIMEN 

ENGINEERING TESTS 

SURFACE MATERIALS 
SHIELD VERIFICATION 

NEUTRONICS 
CHARACTERIZATION 

NUCLEAR TESTS 

REACTOR SURVEILLANCE 

ELECTRICITY 

PLASMA ENGINEERING  

VERIFICATION DEMONSTRATION 

— 

PRODUCTION  

FIG. 6.1 INTOR test schedule [3] 

The projected test schedule is shown in Fig. 6.1 The figure assumes that INTOR is designed 

to achieve 3 MW.rm 2 with high probability of success. Achieving higher fluences 
1 (6.6 MW•y• m ) is probable and is planned for. 	The test schedule will have to remain flexible 

to accommodate any changes in the device operating lifetime, which will be decided during the 
early phase of operation. As indicated, plasma physics testing will dominate Stage I operation. 
Stage II testing will consist primarily of plasma engineering and blanket engineering tests and 
other tests where frequent change-out is required. A minimum time of one month between scheduled 
reactor shutdowns has been established to permit test change-out without unduly affecting reactor 
availability. Stage III testing will be devoted to longer-duration tests which do not require 
frequent reactor shut-down. 

7. INNOVATIONS 

An INTOR-related IAEA Specialists Meeting on Tokamak Concept Innovations was held in January 
1986. The purpose of this meeting was to identify innovations that would significantly improve 
the prospects of tokamak development leading to an attractive end-product -- a viable tokamak 
fusion reactor. Emphasis was placed upon innovations that would lead to substantial improvements 
in a tokamak reactor, even if they involved a radical departure from present thinking. For the 
most part, such innovations are not yet supported by the existing database. Innovations were 
contributed to the Meeting in nine categories, as indicated in Table 7.1. Fusion scientists and 
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2 	: 
TABLE 7.1 	INNOVATIONS [7] 

Topic EC Japan USA USSR Total 

Impurity control 5 3 3 4 15 

Beta and confine-
ment enhancement 

6 4 3 13 

Heating and 
current drive 2 6 2 2 12 

Advanced magnetics 2 3 1 3 9 

Plasma engineering 1 1 2 6 10 

Configuration and 
maintenance 3 2 4 3 12 

_-,-:i•;L 
Advanced FilfB/S 	' 12 5 1 8 26 

Advanced materials 4 5 3  1 13 

Compact reactors--------1-- 1 4 4 10 

30 	32 	• 24 34 120 

engineers from Europe (15), Japan (12), the USA (9) and the USSR (7) participated in the Meeting. 

The innovations contributed to the Meeting were evaluated on the basis of substance and 
feasibility and those innovations which had a high priority for further consideration were 
identified. Factors considered in the evaluation of each innovation were: 

1) how substantial an improvement would it lead to; 

2) what is the feasibility of its being successfully developed; 

rear  
3) what is the impact on other tokamak components; and 

.4) what further steps are required to evaluate its feasibility. 

To provide a focus and a common basis for the evaluations, a quantitative rating system 
,..,,,yasadopted as follows: 

_A) SUBSTANCE (Assuming that the innovation can be successfully developed, how substantial an 
improvement would it lead to in a commercial tokamak reactor?) 

7 

7he 

substantial improvement 

2 - moderate, but worthwhile, improvement 

3 - questionable net improvement 

rz 

B) FEASIBILITY (Is it feasible to successfully develop the innovation for implementation on a 
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reasonable time-scale?) 

1 - feasible to develop for implementation on the INTOR time-scale (-1990-1995) 

2 - feasible to develop for implementation on commercial reactor time-scale (- 2000 - 2050) 

3 - questionable feasibility for successful development 

Those innovations which have a high priority for further consideration were identified on the 
basis of two criteria: 

1) it would lead to a substantial improvement in the tokamak as a reactor concept; and 

2) it is feasible that it could be successfully developed within a reasonable time. 

The evaluation of the contributed innovations is summarized in Ref. [7). It is significant 
that 48 innovations were identified having a high priority for further consideration, and 25 of 
these were judged to be feasible on the time-scale of a next-generation experimental reactor 
(i.e. the INTOR time-scale). This evaluation indicates that a substantial improvement in the 
tokamak reactor concept, relative to our present perceptions, may be realized in the future. 
Moreover, there appears to be a possibility to realize a significant improvement in the INTOR 
concept. 

The most promising innovations identified during the Meeting fell into a relatively small 
number of areas. A number of high priority innovations were identified which could lead to a 
simpler impurity control system, relative to the poloidal divertor. Among these were neutral 
beam driven impurity flow reversal and edge ergodicity to achieve a cool edge region that would 
make a pumped limiter feasible, and helium removal via burial in in-situ deposited surfaces. 

Several high priority innovations were identified which could lead to enhancement of beta. 
Among these were accessing the second stability regime with or without plasma indentation, 
suppression of sawteeth oscillations and current profile control. 

Fast wave and neutral beam current drive were identified as promising alternative to lower 
hybrid current drive for the achievement of steady state operation. Ion Bernstein wave heating 
was identified as a promising alternative to ICRF. 

The use of sub-MeV, negative ion based neutral beams for impurity control, heating, current 
drive and burn control was given a high priority for further consideration. A reactor that used 
a single NBI system for those four purposes could be simpler than one with ICRF heating, LHR 
current drive, a poloidal divertor for impurity control and some other system for burn control. 

Advances in superconducting magnet technology were felt to offer substantial promise for 
improving the tokamak reactor concept. Higher current density, higher field conductors would 
lead to more compact coils. Forced flow, supercooled helium conductors and fibre reinforced non-
metallic structures were identified as promising areas for technology advances. 

Many promising concepts for breeding blankets were identified. Among these, a self-cooled 
metal blanket and a high temperature He-cooled blanket appear to offer substantial improvement 
relative to previous blanket concepts. The development of ferritic/martensitic alloys in the 
near term and vanadium alloys over the longer term would lead to extended blanket lifetimes. The 
protection of components exposed directly to the plasma by means of liquid metal droplets 
promises to extend the lifetime of the most limiting components (i.e. divertor plate or limiter). 

Several possibilities for achieving a more compact tokamak reactor were examined. It was 
concluded that improving upon the present line of moderate aspect ratio, moderate elongation, 
superconducting reactor concepts offered more promise than alternatives based upon very small 
aspect ratio, extreme elongation, or normal coils. 

A proposal to locate MHD channels in the blanket introduced the possibility of taking 
advantage of the unique characteristics of fusion to reduce the cost of the entire energy 
conversion system. 
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• The results of this Meeting led to three significant conclusions: there is a large potential 
for substantial improvement in the tokamak reactor concept, relative to previous perceptions; 
improving upon,the current mainline tokamak configuration is more promising than pursuing extreme 
configurations, and there is a possibility of utilizing the unique features of the fusion energy 
source to improve the overall reactor plus balance-of-plant system. A detailed report of the 
Meeting [7) has been published. 

. 	_ 
The INTOR Workshop reviewed the results of the Specialist's Meeting and identified 37 items 

_ which were considered possibly to be feasible to develop and implement on the INTOR time scale. 
These items were further evaluated during the course of the Phase -Two A Part 3 Workshop of these 

• items, 12 were considered by the Workshop to be sufficiently promising and well-established to 
consider implementing within the early-to-mid 1990 time frame. 

8. ANALYSIS OF INTOR-LIKE DESIGNS 

8.1 Introduction  

1 In November-1984, 	JFRG,,recommended that • the. INTOR Workshop cOnduct,.during 1987, 
• critical analyses of existing INTOR-like designs, with the aim of preparing a useful 

information base for future design work for the Engineering Test Reactor (subsequently named 
ITER). As a first step, members of the INTOR, FER (Japan), NET (EC), OTR (USSR) and TIBER 

*, 
....(A1SA) design teams -Mat-ttgether in an 'IAEA Specialist's Meeting (March, 1987) to document 

0"atin411"ttmanon'"forlati , ifitcuss- and 'tompare the • programmatic and technical objectives, the 
ClidOgineering:Ind physic's design constraints physical limitations such as -Stress limits, 
(iqbet*Llimits),'the - msin features which -"drive" the design • concept (i.e., choices made by the 
tok4leSigherS-S-uch`ta'to. incorporate non- inductive current diive or a horizontal maintenance and 
l'ivr41ggembly - schemie)','and• the design 'spedifications (e.g., major parameters, choice of materials, 
co"ettoice of heating method) for the five designs. 

111”tte" fiveAesighs'are'tharacterized by theirgross paramete rs as listed in Table 8.1. 
Illiff4X,f 

sirpler 
TABLE 8.1 MAJOR PARAMETERS OF INTOR-LIKE NATIONAL DESIGNS (5) 

Sevc 
t' "PARAMETER1951'' "c-"'• 

Major radids (m) 	-- 4.90 

Minot radius (m) 1.2 

Fusion power (MW) 585 

Plasma current (MA) 8.0 
, 	• 	._, 

Average beta (X) 4.9 

r.1-1 nIgn • - lari•y .na0vatic...ns Varc. 	 Cc 	 . 

'TEA 	TI-BER 	OTR 

Safety 	 qI.  
Plasma heating method/power 

1.8 

(MW) 	ICRH/50 

5.18 4.42 3.00 6.30 

1.35 1.25 0.83 1.50 

650 406 314 500 

10.8 8.8 10.0 8.0 

5.6 5.3 6.0 3.2 

2.1 1.8 	-. 2:2 2.1 

ICRH/50 ICRH/50 LH/10 icifil/50 
LH/20 NBI/40 

No. TF coils 

p;. -2text: 
Maximum field TFC (I) 

Volt seconds  

11 

112' 

11.4 	•12 

181 	50 

12 	11.7 
TrseLZ 

58' 	' 	210 

x)  as of Phase Two A Part 2 
- '- ''*Most principal members of the national design teams were also present or past INTOR members. 

Neutron wall load peak/avg. (MW/m 2
) 	1.6/1.3 	1.5/1.0 	1.5/1.0 	1.6/1.0 	1.05/0. 

_ 
Tritium inventory (kg) 	 3.1-4.6 	2 	2 	TBD 	3.5-5.0 

Test FW area (m2 ) 	 12 	40 	9 	19 
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The programmatic and technical objectives were discussed by the design team leaders present 
at the meeting. 	The design constraints, design "drivers" and design specifications were 
compiled and compared by design team members. 	The results of their work are summarized in 
Sections 8.2-8.5. 

On the basis of this work, the INTOR Workshop undertook further analyses of the issues 
raised in the Specialists'. Meeting and also undertook a rather extensive systems analysis aimed 
at arriving at a unique description of the various designs and at extracting the most essential 
design drivers. This latter work is summarized in Section 8.6. A cost comparison among the 5 
designs is given in Section 8.7. 

8.2 Objectives 

There is virtual agreement on broad objectives among the FER (Japan), INTOR (IAEA), NET 
(EC), OTR (USSR) and TIBER (USA) designs.. All of the designs are intended to be the maximum 
reasonable physics step beyond the present generation of large tokamaks and to demonstrate 
achieVement of the type of physics performance that is required for subsequent (demonstration) 
reactors. All are intended to integrate essential reactor-relevant technologies into a single 
system and to provide component and nuclear testing capabilities. All are predicated upon a 
start of construction date of about 1993. 

Some differences emerge, however, when the more detailed objectives are compared. FER and 
OTR emphasize the avoidance of new technologies not essential to the physics mission in order 
to minimize risk, whereas TIBER emphasizes the utilization of new technologies to minimize 
cost. INTOR and NET fall somewhere in between these two positions. 

There are also differences in the engineering testing objectives among the five designs. 
FER emphasizes limiting the testing for technology development and the nuclear testing in order 
to achieve reasonable cost and technical risk, recommending a neutron fluence objective of only 

0.3 MW•y/m2 . INTOR, OTR and TIBER emphasize testing for component development and nuclear 

testing and recommend a neutron fluence objective of 3-5 MW•y/m 2 . The NET position on testing 

and fluence is intermediate. The tritium breeding objectives vary accordingly from no tritium 
breeding, except in test modules, in FER to tritium self-sufficiency in OTR and TIBER. 

The physics mode of operation also differs. TIBER emphasizes non-inductive current drive 
to achieve "steady-state" operation, while FER, INTOR and NET emphasize ignited operation, and 
OTR emphasizes high-Q operation. 

In addition, there is also a difference in the objective of the design studies themselves, 
as distinct from the objectives of the devices, which has caused differences in the designs. 
The TIBER design activity had as an objective to study the extent to which a compact design 
could be achieved by making aggressive assumptions about the development and incorporation of 

...new technologies which are still to be developed, whereas the other designs were based upon 
less demanding technology development requirements. 

4.3 Physics Constraints  

The physics assumptions and constraints for each of the four national ETR designs and INTOR 
are quite similar (Table 8.2). The differences in the designs are mainly due to the choice and 
emphasis of different features (see Section 8.4) and the use of different engineering 
constraints (see section 8.3). On the whole, the national designs tended to adopt more 
conservative physics assumptions than INTOR, especially with regard to A and qedge . All of the 
designs rely upon H-mode confinement and have incorporated an open poloidal divertor for 
this. In addition they rely upon current scaling for confinement and beta, with the result 
that the specified currents are in the 10 MA range. The plasma is elongated to achieve this 
current. The elongations vary from 1.5 to 2.4. 	All of the designs have adequate margin for 
ignition with ASDEX - H scaling, but none of the designs can ignite with most L-mode scalings. 



Table 8.2 

Physics Constraints  [5] 

INTOR 	NET 	FER 	TIBER 	OTR 

8 10.8 8.74 10 

1.6 2.05 1.7 2.4 

8 

1.5 
1.7 

1E reg. (sec.) 

rE  (ASDEX-H)/rE ,-:'required' 

e, 

Murakami
* 
 ( 0 / . 2  ) 

parameter 

(4A) 

elongation 

.BetaLltarquired;( X)ucra: I luenc.e et: 	:4.9• .S.i5irifb . - 	 ,-6.; Li 	1...2. 1.g 

Troyon coefficient (%) 
	

2.8 
	, 3.5 ` 

 

DN 

350 

TBD 

SN 

150 

ICRF 

Impurity Control 
divertor ** 

Pulse length (sec) 

Heating method 

SN 	DN 	SN 

800 	55 	600 

ICRF 	LH + 	ICRH 
(LH 	NBI ,-- ramp up 
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:*Using line - averaged density. 
Ths **DN = double null. SN = single mill. - 	 7 

Ang: 

— 	All.of the,designe rely, upon densities for,janited_operation that are at the high end pf 
caeftg riires'atqaatak'date'beie: - Ate 	 'current drive'with eubignited - operation 
A--acan afford more conservative assumptions with respect to the density limit. The Murakami 
:—,parameters range from 15 to 25 for ignited operation and - 8 for Q = 5 operation. 

All Of the -designs use a "Troyon u .type 'of scaling for the beta limit, although the choice 
!,of.the Troyon coefficient is somewhat different in each.design. As stated before, this type of 
scaling leads each design to emphasize increased current as a way to maximize beta. 

The edge safety factor varies among the designs, but the cylindrical safety factors are 
very close for all of them. 

All of the design:. iely upon the operation of an open, high recycling divertor to provide 
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power and particle exhaust. Advanced fueling techniques, including high velocity pellets and 
other schemes, have been considered by all of them. 

A toroidal field ripple in the range of 0.75 to 1.22 is anticipated to be adequate for fast 
alpha particle confinement, although major uncertainties remain. 

The physics assumptions for current drive and heating are quite similar among the designs. 
For those that do not rely upon current drive, ICRF is generally the heating method adopted. 
Where non-inductive current ramp-up and transformer recharge is used, lower hybrid wave heating 
is the method of choice. Those designs incorporating steady-state current drive rely upon 400-
500 keV neutral beams for central current drive and lower hybrid waves for current drive at the 
edge. The penetration of lower hybrid waves is felt to be inadequate for high density 
operation. 

8.4 Engineering Design Constraints 

Engineering constraints are those parameters and limits used in a design that are derived 
primarily from physical laws of nature and over which the designer has limited choice. For 
example, these include such elements as the radiation damage limits, heat load limits, etc. In 
addition, choices made in one system or aspect of a design can then pose as a design limit to 
be satisfied by other systems or aspects of the design. For example, the decision to use a 
djble null, highly elongated plasma poses limits on the mechanical configuration which must be 
satisfied. The major engineering design constraints are given in Table 8.3 

Table 8.3 

MAJOR ENGINEERING DESIGN CONSTRAINTS 15) 

INTOR NET FER TIBER OTR 

Field ripple (edge) (2) 1.2 1.5 0.75 0.8 1.0 

* 
Impurity control SN DN/SN SN DN SN 
Plasma elongation 1.6 2.2/1.7 1.7 2.4 1.5 

Max. rad. to TEC insulator (rad) 109 5 X 108 3 X 109 10 11 109 

** 
TFC Stress allowable ASME 600 MPa 600 MPa 600 MPa 600 MPa 

Max. FW heat flux (MW/m2 ) 0.4 0.4 0.4 0.3 0.4 
FW Stress allowable ASME RCC-MR ASME ASME 200 MPa 

Div. Peak heat flux (MW/m2 ) 5 5 2 3 5 

*SN = single-null divertor, DN = double-null divertor 
**ASME Code 
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In the engineering category, the design constraints were arranged in three groupings: 
mechanical and configuration;, electromagnetic*, ;110ating and current drive-technology;, and 

8.4.1 Mechanical and Configuration 

In the mechanical and configuration grouping, the major engineering design 
--constraints and the range of choice used in the five designs are as_follows: 

_ 	. 
- . -.:_:-Magnet configuration: Placement of all coils in a common cryostat or placement of 

_i.magnets in a self-contained cryostat. 

	

. 	- 
Method reacting magnet loads: Use of a bucking cylinder, wedging of the inner legs 

of the TF coils, or reacting the TF coils directly from the central solenoid. 

Vacuum boundary: Use of a common boundary for the plasma and the magnets or the use 
of separate vacuum containment for each system. 

Number of replaceable modules: This varies from 12 to 48 depending upon the overall 
device configuration. 	,; 	 •, 

be !IF-1t17 	Component-replaceability Most designs,essume many of the. components to be designed 
4o last the life of the 	 no_plan for replaceability; other designs make no such 
_;assumption: - 	 - 

Tritium breeding: This varies from no tritium breeding (other than in test modules) 
to full tritium self-sufficiency— 	 _ 	- 

Maintenance approach: Two major approaches- are considered; these are horizontal 
removal of torus components, or vertical removal of torus components. 

Plasma configuration: The plasma configurations vary from modestly elongated (1.5) 
single-null divertor plasmas to highly elongated (2.4) double-null divertor plasmas. 

-..• 
Radial dimensions: The five designs vary dramatically in the overall plasma major 

ridius;•and-naturally'in-_the thickness of- the components and space allocations comprising the 
major radius. For example, the allowance for plasma scrape-off varies from 9 to 30 cm, the 
total inboard blanket/shield thickness varies from 48 to 105 cm, the accumulated allowance for 
assembly gaps and spaces varies from 2 to 20 cm, and the thickness of the TF coil inner leg 
varies from 49 cm to 110 cm. 

8.4.2. Electromagnetics, Heating and Current Drive Technology 

In the area of electromagnetics and heating and current drive technology, the major 
differences are in the electromagnetics. All of the designs are using similar heating and 
cvrrent drive technologies. 

In the TF coil system, there are a number of different engineering design 
nOraisits 7„being used. These are primarily related to the environment perceived necessary for 
e desired performance from the superconductor. These include the total and peak nuclear 

heating levels. The total nuclear heating level varies from about 8 to 72 kW of nuclear heat 

'deposition; the related peak nuclear heating levels vary from about 0.3 to 5 kW/m3 . Radiation A 	 . • 

proxecAon requirements for the superconductor and the associated insulator also vary 

significantly; the radiation dose varies from about 5 x 10 8 
to 10

10 
rads. Other significant 

vpriables are the conductor current values (from 16 to 35 kA), the average winding pack current 
density (from about 10 to- . 22AIA/m ), the magnetic energy (from 4 to 45 GJ), and the maximum 

- 	- 	2 
quench voltage to ground (from about 7 to 20 kV). 

In the PF coil system, the dominant differences are related to the total volt-
secOnds the system must provide (from'about 50 to 210 V-s). In addition, there are differences 
in the allowable maximum field rate of change, varying from about 0.5 to 3 T/s; differences in 
the OH current ramp time, from about 13 to 30 s; differences in the breakdown voltage being 
used, from 10 to 35 V; and finally, differences in the total magnetic stored energy, from about 
4 to 11 GJ. 



Table 8.4 

MAJOR DESIGN-DRIVING FEATURES  [5] 

FEATURE INTOR NET FER TIBER OTR 

Operating mode Ignited Ignited Q>20-30 Q>5 Q>5 
Pulse length (s) 150 >200 800 CW 600 
Current drive induct. induct. hybrid non-induct. induct. 

Fluence (MW•y/m
2 ) 3.0 0.8 0.3 3.0 5.0 

Tritium breeding ratio 0.6 0.3 0.0 1.0 1.05 
Plasma Heating Method IORH TBD TED NBI+LH ICRH 
Impurity control* SN DN/SN SN DN SN 
Access for maint. horizontal vertical horizontal horizontal horizontal 
Size of largest replaceable 
comp. (tons) 

300 60 250 32 300 

Max. Availability/period 251/10 Yrs. 81/11 Yrs. 71/6 Yrs. 301/12 Yrs. 501/9 Yrs. 
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8.4.3 Nuclear 

Iii the nuclear systems area, there are significant differences in the engineering 
design constraints in a number of aspects of the first wall and blanket, the divertor and in 
the shield area. 

In the first wall and blanket systems, these differences are related to the target 

lifetime fluence values (which range from 0.3 to 5 MW•y/m
2
), the allowable stresses in the 

structural material which are also tied to the number of lifetime cycles of operation, the 
tritium breeding requirement, the first wall protection assumptions, and finally the 
assumptions related to the disruption scenario. 

In the divertor area, the differences are related to the incorporation of different 
concepts for the physics and technology phases, and to the differences in the disruption 
scenario. 

In the shield area, the differences are related largely to the need to protect the 
magnets so are tied to the allowable fluence to the superconductor, to the allowable dose to 
the insulators, and to the nuclear heating limits. A second constraint relates to the desire 
to minimize the overall thickness of the inboard shield region so as to minimize the size and 
cost of the design. 

8.5 Design Driving Features  

The five INTOR-like designs differ in a number of significant features which tend to 
"drive" the characteristics of each design. Each of these design driving features represents 
an aspect of the design where the designer has a choice from among a number of options. These 
choices are made so as to be compatible with the overall mission and supporting programmatic 
and technical objectives established for each design, but are usually based on the designer's 
personal preferences. 

The selection of each of the design driving features by each design team is also influenced 
by the judgement concerning a number of important considerations related to each national 
program. These include the perceived timing for the necessary development and construction of 
each device, The perceived understanding of the present scientific and technological data base 
and what advances can be made in the time period until the start of construction, and finally 
the maturity of the technology need to support each design and its stated mission. 

Table 8.4 presents a comparison of the major design driving features for the five INTOR-
like designs. Many of these features are related to the scientific desires and present 

*SN = single-null divertor, DN = double-null divertor 
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understanding. These include the need to achieve ignition or not, the nature of the operating 
scenario (inductive'or non-indUctive- current drive, or some hybrid combination), the pulse 
lengtE,' the -degree'ef-plasMa :Shaping :--(elongation), tihi type =of impurity control (single - or 
d6ohle null diVertor), the nature of startup, and the plasma heating method. The remaining 
major driving features result from operational and tehnological considerations such as whether 
to breed tritium or not (and how much), the fluence target and the nature of the desired 
nuclear testing, and finally the approach to ,maintenance of the internal torus components 
(horizontal or vertical access). 

8.6 Systems Analysis  

A systems analysis of the five INTOR-like designs was performed. This study was performed 
to evaluate and determine the specific impact produced in a given design of making a specific 
change in that design. Such a quantitative analysis of the impact of various changes provides 
valuable insights as to how different choices affect a given design. 

,-:Systems analysis methodology has progressed significantly during the last several years, 
under the aegis of the INTOR Workshop. The capability has been developed to represent a 
tokamak point design and much of the complexity of the interactive systems. Several of the 
computer codes which have been developed now incorporate numerical optimization methods that 
enable simultaneous change of many selected variables subject to specified constraints. Many 
of the codes involve interactive routines to converge to a unique solution for the specified 
input. Nomograph routines have also -been- developed to permit rapid parametric evaluation of 
&sign options. for systems of equations have been 
deiveloped that -represent,..present. understanding of tokamak design physics and engineering 
dependencies. ,These systems provide the capability to quickly determine the impact of design 

A significant aspect of using systems analysis to - study various tokamak designs is the 
ability to replicate various.designs by . aogiven methodology. A measure of the validity, and 
usefulnessof 	systems analysis alethodPlagy  is the ability to reproduce the major 
features and performance of 4 :variety, of designs. 	One test of such ability is to use the 
systems analysis method to .reproduce as accurately as possible the mechanical features, 

1)Cf°44t141caAjqw4Cso.211TO .A.41 .008,134ra!!;etctrs of v!.4114011844110.811,- - 4 - Vsteme -#e431_, 
P YPIRireck Lithile ittR4q-aRr,PvAilE14- C.V*11 ,14.11 . 41-4,PUt  ;94.tPet!: 18 Pee r et e d • The 
various national systems methodologies were - applied to the task of replicating each of the five 
INTOR-like designs.—, , 

The results of calculations to replicate the four national designs and INTOR indicate good 
ability of the systems - analysis methods to accurately represent the general, as well as many 
specific, features and parameters of the designs. This demonstrated ability provides 
confidence that parametric studies should provide meaningful indications of the impact of 
making a given change to a design. 

Sensitivity calculations were performed by each participant to determine what changes are 
produced in the respective national design by making selected changes in the input. Some 
calculations were performed in which one aspect of the design was changed (a mechanical feature 
or dimension of a given component, a physics assumption or parameter, or an engineering 
•.asSumption or parameter). The impact.  to, the design resulting from this single change was 
detaraineci.,' 

•! The results of the individual sensitivity calculation allow determination of those items 
whichk ,haye a-hignileyerage impact on the overall design. Other items are determined to have 
consideTibly'1e” impact. By performing a systematic assessment of which items have what 
Ampact_on a design when changed, the highest leverage items can be identified. Once 
identified, this information can be factored into the detailed design process and thereby 
proli4Auidsk.pcea tO,_the designers who,,haymt6work,outthe 

' FrOm the results produced by the four participants, it was found that the items/parameters 
with greatest sensitivity include: 

,Ignition margin, or Q 
Safety factor ( q) 
Elongation 
Shield attenuation 
zea or Reactivity 
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Neutron Wall Load 
Beta g-coefficient (Troyon factor) 
Toroidal field coil stress 

Although this general ordering was observed, individual sensitivities from the four studies 
do indicate appreciable scatter in the results. Various reasons account for this: 

- Differences in the models (e.g. power balance level of detail, confinement time scaling 
law) 

- Different figures-of-merit (cost, major radius) 
- Differently constrained analysis (ignition margin, wall load, fusion power) 

This latter point may be the most important, since each design team has evolved different 
sets of design constraints, including those items judged to be very important. Each design 
team has also derived some outputs which other design teams assume to be fixed inputs (e.g. the 
three items mentioned above). 

. In addition, each of the national designs has evolved to different levels, but in all 
instances the parameter space for each design has many constraints. These constraints 
considerably narrow the region of valid designs when one parameter is altered. Even for the 
same device, therefore, if different items are constrained, the parameter space over which the 
mepsitivity analysis is conducted will be different, thereby contributing to different results. 

Given these differences, it is nevertheless greatly encouraged that there is general 
agreement on the parameters whose sensitivity is large, and on those which are small. 

There is an important distinction between sensitivity and overall design impact. To draw 
practical conclusions from the sensitivity studies, it is necessary to fold into the assessment 
the likely range of uncertainty of a parameter to determine the importance of changes in the 
parameter to the design. Large sensitivity parameters will have a large design impact on the 
design even if the range of variation is large or small. However, small sensitivity parameters 
could have a large design impact if the range of variation is large; this practical 
consideration should be recognized in the design process. 

Calculations were also performed in which a collection of items was changed; for example, 
it was of interest to determine the impact of substituting at one time all physics-related 
assumptions made by one design into a second design. Similar interest exists relative to the 
impact of changing the engineering assumptions, or the general features of a given design. 

Difference in the individual assumptions of the INTOR-like devices can be collectively 
grouped together into categories such as "physics" "engineering", or "features". The "physics" 
categories typically include terms such as beta and beta coefficient, safety factor, ignition 
margin, plasma temperature and density, edge ripple, plasma profile factors, etc. The 
"engineering" category typically includes dimensions of components (OH and TE coils, bucking 
cylinder, shield) stress levels, radiation levels, gaps, etc. The "features" category 
typically includes plasma configuration (elongation and triangularity), maintenance approach, 
fluence level, tritium breeding, single null or double null divertor, operating scenario, etc. 

Each participant performed a limited number of these global effects analyses. These 
studies were performed in general in a manner similar to the individual sensitivity studies 
described above. For example, studies were performed in which calculational transitions were 
made from INTOR to FER (Japan), INTOR to TIBER (USA), INTOR to OTR (USSR), NET to TIBER (USA), 
and NET to FER (EC and Japan). 

The results from these studies indicate that all parties have successfully demonstrated an 
ability to substitute global groupings of changes (all physics, engineering, features) and make 
the transformation from one design to another. The systems analysis codes have demonstrated 
the ability to differentiate the national designs by making global effect substitutions. 

8.7 Cost Comparison 

There is an ongoing, and important, interest in how the estimated capital cost is impacted 
by various aspects of a tokamak design. It is recognized that the various national designs are 
costed using the national procedure to account for engineering, fabrication, transportation, 
installation, and project management costs. These approaches are all different not only in 
units of currency but in how the various elements are treated in the costing process. 
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Recognizing these differences, a cost comparison was performed for each of the five INTOR-like 
designs to determine the relative ranking of capital cost as predicted by each national costing 
approach. 

The relative capital costs were normalized to the INTOR cost estimate obtained by each 
delegation. The results indicated that the cost for INTOR and NET to be approximately the 
same, the cost of FER to be about 10% less than INTOR, the cost of TIBER to be about 35Z less 
than INTOR, and the cost of OTR to be about 25Z more than INTOR. In general, the spread among 
the participants in the calculated relative cost of a given design was about 5-15Z. 

. 	, 
These relative cost comparisons suggest good ability to reflect incremental differences 

between various designs. 	This ability is based on common assumptions about the designs 
relative to the various components and major systems. 	These cost comparisons must be 
interpreted with care, however, since various designs do make different assumptions about the 
timing of construction, the amount of supporting development and research required, and the 
aggressive or conservative posture regarding the maturity of the technology in the design. 
Factoring these considerations into the design could alter these cost comparisons dramatically. 

9. TECHNICAL BENEFIT OF PARTITIONING INTOR 
:COMPONENT DESIGN AND FABRICATION 

the  
`conwlerzt—F`=1'" 	 On 	 . 

simeINTOR 1Usion''reactor'environment a''nember -  of advanced 
felehneloilds -sech as the'iiectOi'vessel (torus, shield, blanket, superconducting magnets, plasma 
heating systems, tritium system), most of which occur in several modular compatible/equivalent 
1nitii, virence-iin4nterriatienal 'test reactor at that' step of tokamak development could be the 

gaining 7eXpetiencethat'''weUld - have ' to be developed in all participating countries 
anyway. 

Practhei 	 Partitioning INTOR Component Design and Fabrication' had to 
eVelliate-the-teehAtcalifeasibility of partitioning the detailed design and component production 
tatke -s6r that-4iff , ;partiCipants --'weuld -fully -benefit from the development of all advanced 
feclino lpgies .- 1- 
rcu 	 arc  

con ,IfiecOdipesel6FItcht-S. to k=e1Weine the-implications of having different manufacturers 
fabricate a fraction of the components of a major system of INTOR; e.g. four different 
manufaCtuiefileach7bdifd'thtee'tofoidai field coils.'" Thete are advantages and disadvantagei for 
each of the-patticipants'to - take patt in such an international joint venture when compared to a 
purely national apprOachi= 7These were assessed and compared with the technical benefit expected. 
the techniciFbenefit'it - defined to' be the development of industrial capability and experience 
needed for future fusion reactor technology, gained by partitioning all modular advanced 
technology components of INTOR 

'To provide - a common basis - for comparison among study results from the four INTOR delegations, 
a number of basic definitions and assumptions were agreed on. Specifically, two collaborative 
arrangements, called scenarios B and C, were selected for comparison against scenario A, in which 
foUr nations' independently Wild INTOR-type experiments. The difference between scenarios B and 
C':consists in splitting the adVanced component design/production tasks between the participants 
in case B so that all participants design and produce a proportionate share of all high-
technology components. In scenario C, all the components of a given type are provided by a 
single participant, with thecomponent types being distributed among participants. 

Eipert estimates_ and opinions were collected as a basis for cost/schedule/benefit evaluation. 
AIes, :comments from'othei - latge international projects' representatives were sought An order to 
include existing experien&e: 

ability to :,etlstiLute F.:LoW:2 	 of 



A 

1 1.67 

0.42 

-2.3 

1.24 

B 	 C 
splitting 	 branching 

0.32 

-1.2 0 
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TABLE 9.1 COST AND SCHEDULE IMPLICATIONS OF PARTITIONING IN DESIGN AND 
CONSTRUCTION OF INTOR [4] 
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Scenario 
Four national 	 One international 
INTORs 	 INTOR 

Relative cost of 
one device 

Relative cost per 
participant 

Construction 
schedule delay (y) 

The study led to the following conclusions: 

(i) International partitioning in design and construction of INTOR with four participants -
assuming four national R and D programs oriented towards that co-operation - has 
estimated cost and schedule implications as shown in Table 9.1. In scenario B/C one 
INTOR device is about 67%/242 more expensive than one national INTOR, whereas the cost 
share per participant reduces to about 42%/32%. 	The construction schedule delay was 
evaluated to be about 2.3y/1.2y. 

(ii) In accordance with all cost estimates showing a substantial increase in engineering 
cost, which is considerably larger in scenario B than in scenario C, it is clear that 
the increased complexity of international partitioning will be reflected in 
correspondingly increased manpower. 

(iii) The technical benefit of partitioning the INTOR design and construction (as defined), is 
gained to a large degree in the splitting approach (scenario B) for advanced technology 
components and to a rather low degree in the branching approach (scenario C). 

(iv) A comparison of cost and degree of benefit for the scenarios shows that scenario B 
offers more benefit related to cost than scenario C. 

-.- (v) Scenario B is judged to be feasible, although more complex than a conventional national 
approach. It can be achieved if a strong central team is created, and if each 
participant will have sufficiently developed its own technology basis at the time of 
decision on INTOR construction. 

10. CONCLUSIONS 

The cumulative INTOR work to date has been a major factor in laying the ground-work for 
proceeding to the design of the next major experiment in the world tokamak program. The 
objectives and general characteristics of such an experiment have been identified. A preliminary 
conceptual design has been developed early in the INTOR process and used to identify critical 
technical issues and R and D requirements. 	The critical technical issues have been either 
resolved or elucidated by intensive studies. 	The analytical methods used in reactor design by 
the four parties have been further developed and compared for consistency. The national designs 
and the physical and technical constraints upon which they are based have been evaluated on a 
common basis. Based upon this work ways in which the INTOR design concept would be up-dated to 
provide a starting point for further design effort have been identified. 
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The INTOR Workshop process has paved the way for an intensified international design activity 
in another, more personal, way, also. Many of the scientists and engineers who would be involve 
in ady–such future effort have - cdme to know, understand, trust -and learn to work with each other 
through their participation in the INTOR Workshop. They understand, through their INTOR Workshop 
experience, that it is possible for men of different cultures and strongly held technical 
.opinions to voluntarily work together to find technical solutions to one of the world's most 
challenging and potentially most rewarding technological opportunities, the realization of useful 
energy from nuclear fusion. 
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