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CHAPTER 1 

INTRODUCTION 



1. ISTRODPCTIOH 

Fusion Is one of a very United nunber of options for a renewable energy 
source that can sustain an Industrial society for a long period of tine. 
Bringing the attractive potential of fusion Into realization requires chal
lenging advances in science and technology. Many critical advances are 
required in the area of fusion nuclear technology. 

A fusion energy system consists of: (a) plasma, (b) plasma support compo
nents (magnets, vacuum, auxiliary heating), and (c) nuclear components. The 
primary functions of the nuclear components are: (1) fuel generation and 
processing, (2) energy extraction and conversion, and (3) radiation protection 
of personnel and components. The primary nuclear components and other compo
nents affected by the nuclear environment are shown on Table l-l. Most of the 
world effort on fusion over the past three decades has focused on plasma 
physics research and plasma confinement experiments. The technical progress 
to date in plasma confinement has been excellent. Some progress has also been 
made In plasma supporting technologies as needed for the plasma confinement 
experiments. In contrast, the resources devoted to fusion nuclear technology 
research and development (R&D) In the world fusion program have been very 
limited. 

Table 1-1. Nuclear Components and Other Components Affected 
by the Nuclear Environment 

Blanket 
Shield 
Plasma Interactive and High 

First Wall 
Impurity Control 
RP Antennas, launchers 

Heat 

and 

Flux Subsystems: 

Waveguides 
Tritium and Vacuum Systems 
Instrumentation and Control 
Magnets 
Remote Maintenance 
Heat Transport and Power Conversion 

1-1 



The promise of fusion Is so great that a comprehensive and accelerated 
R&D program to generate a quantitative knowledge and > 'porience base is neces
sary to permit a quantitative Judgement of the potential of fusion as a 
viable, practical, and attractive energy source. Nuclear technology is a 
critical element in such a program since it has many of fusion's remaining 
unresolved issues. These issues relate to: (a) feasibility, a primary accep
tance criterion for the scientific and technological communities; (b) eco
nomics, a primary acceptance criterion for the utility industry; and (c) 
safety and environmental impact, a crucial acceptance criterion for the pub
lic. 

The development of fusion nuclear technology is particularly challenging 
for several reasons: 

(a) The technical complexity of the issues poses a high degree of intel
lectual challenge requiring advances in several disciplines of science and 
engineering that are at the forefront of knovledge. These disciplines include 
materials, chemistry, nuclear physics, thermodynamics, fluid mechanics, elec
tromagnetics, raagnetohydrodynaraics, nuclear engineering, mechanical engi
neering, and chemical engineering. 

(b) Fusion nuclear development appears to be relatively expensive, 
primarily because neutrons are required in many key experiments. 

(c) Long lead times will be required to perform the necessary experi
ments and obtain an adequate data base, 

(d) New and sophisticated experimental facilities are required. Pres
ently available experimental facilities provide important information, and 
there is a clear need to continue to use them. However, they are not suffi
cient to satisfy all the testing needs. In particular, the unique and complex 
fusion environment can be obtained only in a fusion facility. The character
istics, cost, benefits, and risks of such a facility require careful evalua
tion as part of the overall scenarios for fusion development. 

Because of the importance of fusion nuclear science and technology, the 
Office of Fusion Energy (OFE) in the Department of Energy (DOE) Initiated a 
new study, called FINESSE, in November of 1983. The general objective of 
FINESSB is to investigate the technical and programmatic issues in the R&D of 
fusion nuclear science and technology. The study Is led by UCLA and involves 
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major organizations from the U.S.: Argonne National Laboratory (ANL), EG&G 
Idaho (EG&G), Hanford Engineering Development Laboratory (HEDL), McDonnell 
Douglas Astronautics Company (HDAC), and TRW Inc. (TRW). Major support is 
also being provided to the study by the Lawrence Llvemore National Laboratory 
(LLNL) and Princeton Plasma Physics Laboratory (PPPL) as the lead organiza
tions for mirrors and tokamaks, respectively. 

An important aspect of FINESSE is significant International participa
tion. A number of experts from major organizations in Canada, Japan, and West 
Germany, as shown in Table 1-2, have been directly participating in FINESSE. 
This international participation is particularly important because: 

(a) All world fusion programs face the same issues. Therefore, all 
countries can benefit from investigating issues and approaches to fusion 
nuclear development. 

Table 1-2. Organizations Participating in FINESSE 

UNITED STATES 

Primary 

University of California, Los Angeles 
Argonne National Laboratory 

EG&G Idaho, Inc. 
Hanford Engineering Development Laboratory 
McDonnell Douglas Astronautics Company* 

TRW, Inc. 
Support 

Lawrence LIvermore National Laboratory 
Princeton Plasma Physics Laboratory 

CANADA. EUROPE AND JAPAN 

Canadian Fusion Fuels Technology Project 
Japan Atomic Energy Research Institute 
Karlsruhe Nuclear Research Center (KfK) 

University of Kyoto, Japan 
University of Tokyo, Japan 

*MDAC effort supported by the Electric Power Research Institute. 
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(b) The best prospects for international cooperation are In fusion 
nuclear technology M D . Facilities, by their nature, tend to be user-oriented 
and a diversity of concepts can be tested in the sane facility. Therefore, 
many countries can shaTe the coat and benefits of the facilities without 
necessarily agreeing on the same design concepts. 

An Advisory Committee consisting of senior members of the fusion commu
nity has provided an excellent mechanism for community-wide Input to FINESSE 
on a continuing basis. The Advisory Committee membership Is shorn) In Table 1-
3. 

The FINESSE technical effort has been structured into six major tasks 
shown In Table 1-4. 

Task 1 is concerned with Identifying, characterizing, and prioritizing 
the key Issues in fusion nuclear technology. The focus has been on those 
Issues whose resolution requires new knowledge through experiments. This task 
has been completed and is the subject of Chapter 3 of this report. 

Task XI is one of the largest and most important tasks in FINESSE and is 
concerned with identifying and quantifying testing needs for fusion nuclear 
technology. In FINESSE, the word "test" Is used in a generic sense to refer 
to a process of obtaining Information through physical experiment and measure
ment, i.e., not through design analysis or computer simulation. In Part A of 
Task II, the testing needs to resolve the key fusion nuclear issues have been 
surveyed and characterized as to the type of information needed and overall 
requirements on the environmental conditions of the experiments. The results 
of Task II.A are presented In Chapter 4. 

Part B of Task II Is focused on developing quantitative testing require
ments, particularly for multiple interaction and Integrated tests. Realistic 
cost constraints on testing facilities, including fusion devices, dictate that 
tests be carried out under scaled down conditions (e.g., the power density in 
test facilities will be much lower than In demonstration and commercial reac
tors). The evolving technical discipline of developing meaningful act-alike 
tests at reduced test facility parameters, commonly known as engineering 
scaling, has received much attention in FINESSE as shown In Chapters 5, 6 and 
7. This work 1B of critical importance to the many tradeoffs between cost and 
benefit that must be considered with respect to the large numbar of testing 
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I ••••tin,? 

Table 1-3. FIHESSE Advisory Committee 

Charles C. Baker, Chairman (ANt) 
Everett C. Bloom (ORNL) 
John W. Davis (MPAC) 
Janes J. Holmes (HEDL) 

Robert A. Krakowski (LANL) 
James A. Hanlscalco (TRW) 
John A. Schmidt (PPPL) 
Kenneth R. Schultz (GA) 
Thomas E. Shannon (FEr)C) 
Keith I. Thonassen (LLNL) 

Table 1-4. FINESSE Principal Technical Tasks 

I. Identification of Issues 

II. Investigation of Testing Needs 
A. Survey of Testing Needs 
B. Quantifying Key Testing Requirements 
C. Test Matrix 
D. Summary of Test Requirements and P r i o r i t i e s 

I I I . Evaluation of Experience from Other Technologies 
A. Fission 
B. Aerospace 

IV. Survey and Evaluation of Facilities (Emphasis on Neutron Producers) 
A. Hon-Fusion Facilities (Point Neutroi Sources, Fission Reactors, 

Test Stands) 
B. Fusion Devices (Mirrors. Tokamaks, Alternate Concepts) 

V. Comparative Evaluation of Facilities and Development Scenaiios 

VI. Recommendations on Fusion Nuclear Technology Development 
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needs and testing facility options. The problems of engineering scaling have 
proved to be complex and have required a great deal of analysis to deepen our 
understanding of the testing issues. This analysis is presented In Chapter 5 
for solid breeder type blankets and in Chapter 6 for the class of self-cooled 
liquid metal blankets. Experiments aimed specifically at verification of 
neutronlcs methods and data have special scaling issues which are treated in 
Chapter 7. Although FINESSE is concerned with and has addressed the key 
issues for all fusion nuclear components, the detailed quantification of the 
testing requirements has been attempted only for the blanket .ystem. Work on 
Task II.B will continue into the secoi.J year. 

Fluence goals represent an Important aspect of test requirements which 
are particularly difficult to quantify but have a substantial Impact on the 
cost of testing. The question of what we learn from testing as a functidi „M: 
neutron fluence is investigated in Chapter 8 as a basis for addressing flu«.nce 
fin..Is* 

:he survey of key testing needs and quantitative test requirements pro
vides necessary input to developing a test plan that prioritises the experi
mental needs in terms of type, number, time frame, facilities, and other 
specifics of a development path. Such a test, plan "ill be developed during 
the second year, but initial test matrix considerations are discussed in 
Chapter 9. Issues and test requirements associated with Instrumentation anr 
control are also addressed in Chapter 9. 

While Tasks I and II have been concerned with Investigating the fusion 
nuclear issues and testing needs, Task IV has focused on evaluating facilities 
in which these tests can be performed. Non-fusion and fusion facilities have 
been considered. Chapters 10, II and 12 provide an initial examination of the 
capabilities and limitations of non-neutron test stands, accelerator-based 
neutron sources, and fission reactors. 

A key conclusion ot the first year of FINESSE effort is that testing In 
non-fuslon facilities, while essential, is not sufficient to satisfy the 
nuclear technology development requirements. Many critical multiple-
interaction and integrated tests require a fusion facility. Possible options 
tor St':h a fusion test facility are examined within Task IV. The results of 
an Initial examination of mirrors and toksmaks as test facilities are pre
sented in Chapters 13 and 14, respectively. 
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A key problem identified for these test facilities Is tlie achievable 
device availability and its impact on the testing program. This is a partic
ularly serious problem for those fusion test facilities thst produce such a 
large amount of fusion power that they require their own tritium breeding 
blankets. The testing device availability analysis Is given in Chapter 15. 

Broader and deeper examination of the complex cost/benefit/risk Issues In 
fusion nuclear technology is planned for the second year. Task II.B will 
continue to provide measures of benefits (usefulness of test information) as 
functions of testing capabilities, while Task IV will quantify the coat3 ?nd 
physics/technology risks of testing facilities as functions of testiig capa
bilities. This information will be utilized in Task V to carry out compara
tive evaluations of facilities and development scenarios. 

A principal objective of FINESSE is the development of recommendations 
regarding the types and sequences of test facilities chat maximize benefits 
and minimize cost for fusion nuclear technology development. (It should be 
noted here again that, In FINESSE, the tero "test" is used in a generic sense 
to refer to a spectrum of physical experiments and measurements, e.g. basic 
property measurements, single- or multiple-effect experiments, rather than a 
full size component verification.) During the first year of effort, the tof-al 
testing requirements for fusion nuclear technology ha -e been addressed (Tasks 
1 and II). Task IV evaluated possible options for non-fusion and fusion 
facilities. To accomplish the above objective of recommendir-g where the 
various parts of the testing requirements can be optimally performed, it is 
necessary to explicitly consider possible scenarios, or pathways, for overall 
fusion research and development. A preliminary screening evaluation of a 
number of pathways was performed and is summarized in Chapter 16. 

Several important supporting studies and analysis performed as part of 
the FINESSE program are described in the appendices of this report. Task III 
has focused on evaluation of experience from the fission and aerospace tech
nologies as to lessons learned and approaches to testing. This task has beon 
completed and no further work is planned. The fission experience is summar
ized in Appendices A and B. while the aerospace experience Is reviewed in 
Appendix C. 

In performing the various .asks of FINESSE, it was necessary to define a 
number of representative design concepts and to perform detailed analyses in 
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•any area* to characterize the operating environment of fusion nuclear compo
nents in full scale reactors. Such a characterization for key nuclear compo
nents is summarized in Appendix D. 

An important objective of fusion nuclear experiments will be to obtain 
information on failure modes and rates. The present understanding of failure 
modes In fusion nuclear components is extremely limited. An attempt to gain 
sufficient understanding in this area In order to identify subscale test 
requirements Is presented in Appendix E, 

Additional details on experiments in fission breeder test facilities &re 
given in Appendix F. Detailed models of the physics performance of tandem 
mirror test facilities were developed in support of task IV and are briefly 
described in Appendix G. 

The present phase of FINESSE effort started in November 1983 and is 
scheduled for completion In October 1985. The work completed during the first 
year (November 1983 to October 1984) and the effort planned for the second 
year (November 1984 to October 1985) of the study are shown for each of the 
six tasks in Table 1-5. This document is. an interim report on the resultB 
obtained during the first year of the study. The purpooe of this Interim 
report Is to provide members of the fusion community with sufficient informa
tion, results, and conclusions to stimulate feedback to FINESSE at the mid
point of the study. A complete documentation of the two-year effort will be 
made In a final formal report at the end of the study. The primary purpose of 
this interim report is to provide a fast mechanism for relaying the essence 
rather than formal documentation of the first year'a findings. As such, no 
particular attempt has been made to rigorously edit or "word engineer" the 
content of the report in order to conserve resources and expedite issuance of 
the report. 
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Table 1-5. Completed and Planned Technical Efforts in FINESSE 

Task 
Year 1 (Completed) Year 2 

Task November 1983 through October 1984 November 1984 through October 1985 

Task I: Issues Completed identification and char
acterization of fusion nuclear 
issues. 

Only an update of issues as needed 
is planned* 

Task II: Investigation of 
Testing Needs 

A.. Survey of testing needs completed. 
B. AnalyBis of component behavior 

performed* An approach to engi
neering scaling completed and 
applied to key cases* 

C. Approach to test matrix defini
tion developed* 

1. Continue investigation and 
applications of engineering 
scaling* 

2. Scope designs of act-alike test 
modules to check suitability fox 
providing the needed information 
on interactive and integrated 
tests. 

3. Scope near-term single and 
multiple effect experiments* 

4. Develop details of test matrix; 
prioritize testing needs, 
develop information for test 
plan* 

Task III: Evaluation of 
Experience from Other 
Technologies 

Completed evaluation of experience 
from fission and aerospace 
industries• 

No further effort is planned* 



Table 1-5. Completed and Planned Technical Effort* in FINESSE <contd.) 

Task 
Year 1 (Completed"* Year 2 

Task November 1983 through October 1984 November 1984 through October 1985 

Task IV; Evaluation of 
Facilities (Emphasis cm 
Neutron Producers) 

A. Non-Fusion Facilities: Work on 
point neutron sources and fissior 
reactors completed; work on test 
stands Initiated* 

B. Fusion Facilities: Brief survey 
of possible options for mirrors 
and tokamaks. 

1. complete effort on non-nuclear 
test stands. 

2.. Intensive effort on exploring 
options, innovative Ideas, and 
tradeoffs for fusion test 
facilities to minimize cost and 
maximize teat benefits consis
tent with acceptable physics and 
technology risks. 

Task V: Comparative 
Evaluation of Facilities 
and Development Scenarios 

Task initiated. 1. Compare capabilities, cost, and 
risk of various non-fusion and 
fusion facilities. 

2. Develop a number of scenarios 
for fusion development, 

3. Develop several possible paths 
of fusion nuclear technology 
development* 

4* Develop and compare options for 
testing plan. 

5. Compare and evaluate scenarios 
and paths• 

Task VI: Recommendations on 
Fusion Nuclear Technology 
Development 

No effort. Translate all results from FINESSE 
into a set of recommendations on 
technology development. 
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2. SUHHARY 

The purpose of this chapter Is to provide a summary of the work of 
FINESSE performed during the period November 1983 through October 1984. It Is 
anticipated that some readers will not be Interested In all the technical 
details presented in this relatively long report. Therefore, this chapter is 
Kept relatively brief but thorough and self-contained and is intended for all 
readers as an overview of the key results from the various technical areas of 
FINESSE. This should provide the reader with a clear context in which specif
ic results In selected sections of the report can be interpreted. 

2.1 Overall Conclusions 

The development of fusion nuclear technology presents new, unique and 
challenging questions to many fields of science and engineering that have not 
been encountered before in the development of other technologies. Ona reason 
is that the fusion environment experienced by the nuclear components involves 
the simultaneous presence of plasnia particles, neutrons, photons, magnetic 
field, surface and bulk heating, tritium ard vacuum. A second reason is that 
many fusion nuclear components perform multiple new and unique functions, 
e.g., simultaneous tritium production and extraction, and energy conversion 
and extraction ir. the blanket: or heat removal and plasma ash removal in the 
impirity control and exhaust system. A third reason is that the integration 
of components into a fusion system results in many interactions among compo
nents. 

The multiple functions that the fusion nuclear components must provide 
under new and •• ilque conditions result in new phenomena and fundamental 
changes In the characteristics of previously known phenomena. There is pres
ently neither an adequate data base nor sufficient understanding to character
ize these new or changed phenomena. Thus, attempts to select material and 
design options and to predict the performance of fusion nuclear components 
suffer from large uncertainties caused by insufficient knowledge. 

These large uncertainties result in many critical issues for fusion that 
relate to: 1) feasibility, a primary acceptance criterion for the scientific 
and technological communities; 2) economic potential, a primary acceptance 
criterion for industry and utilities; and 3) safety and environmental impact, 
a crucial acceptance criterion for the public. 
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During the first year of FINESSE, the principal nuclear technology issues 
have been Identified, characterized and classified according to their poten
tial impact, level of concern, and Importance of environmental conditions 
(e.g., neutrons, magnetic field). These issues are summarized in Section 2.? 
and are documented in detail In Chapter 3. 

New knowledge is required to understand and resolve these known and 
unknown fusion nuclear issues. This new knowledge can be acquired only 
through new experiments accompanied by intensive theoretical and modelling 
efforts. FINESSE has assessed the types of experiments, and the environmental 
conditions that must be provided in these experiments in order to resolve the 
fusion nuclear issues. In addition, the capabilities and limitations of 
existing facilities and the needs for new facilities have been evaluated. The 
relatively large cost, the long lead time, and the complexity of the issues 
for these experiments require detailed examination of priorities and careful 
planning of experiments and experimental facilities. 

Th"» type of experiments required in fusion nuclear technology development 
can be classified into: 1) basic, 2) single effect, 3) multiple 
effect/multiple interaction, 4) partially integrated, and 5) integrated 
tests. Basic tests are to obtain property data and can be performed in avail
able standard laboratory facilities. Single effect experiments are to explore 
phenomena and are aimed at a single effect, e.g., electromagnetic response of 
bonded materials to a transient magnetic field. Some of the required experi
ments can be performed in present facilities, but others require new facili
ties. Some irradiation-effects experiments in which a sample is exposed to a 
neutron field to examine fluence effects fall under the class of sing.'e-effeet 
tests. Experiments in fission reactors suffer from spectral dlffere ices, and 
there is a definite need for experiments with 14 MeV neutrons, at least for 
calibration of results from fission and Ion irradiation. There is presently 
no appropriate facility anywhere in the world. FMIT has been proposed to 
serve this purpose, but the future of this project is highly uncertain. 
Without FHIT, there will be a serious gap in irradiation data that must be 
filled by a new facility. Other than point neutron sources, the only type of 
14 MeV neutron-producing facility Is a VI fusion device. 

Multiple effect/multiple Interaction experiments are aimed at exploring 
the combined effects of two or more environmental conditions and the 
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interactions aaoag two or more physical elements of a component. The fusion 
environment results In many new multiple effects/multiple Interactions that 
require exploration. For example, corrosion is known in other technologies to 
depend on teaperature and velocity of the fluid, but in the fusion environment 
a strong dependence of corrosion on the magnetic and neutron fields is also 
predicted. Thus, reliable data on the corrosion of structural materials by 
liquid medals In the fusion environment cannot be obtained nerely from 
"classical" corrosion loops but requires new experiments in which magnetic 
field, heating, velocity and geometry are properly simulated. 

Another example is MHD effects in self-cooled liquid metal blankets. 
Results obtained in FINESSE predict complex Interrelations among the magnetic 
field, fluid flow, heat transfer, bulk heading, surface heating, geometry, 
pressure drop and stresses. Thus, MHiJ effects cannot be understood from 
simple "classical" types of experiments in which thv magnetic field 1B the 
only Imposed environmental condition. Rather, fusion needs experiments In 
which many or all of the various Interactions just mentioned are simulated. 

Multiple effect/multiple Interaction experiments generally require rela
tively larger size and are generally much more costly than single-effect 
experiments. New facilities and upgrades of present facilities are required 
for these multiple effect experiments. 

Some of the multiple effect tests require neutrons as part of the experi
ment environment. These are experiments In which bulk heating, radiation 
effects, and/or specific reactions, e.g., Li(n,t), are important. The size of 
such experiments Is relatively large, at least orders of magnitude larger than 
the size of samples normally used with point neutron sources. The only two 
types of "bulk" neut -on-producing facilities are fission reactors and fusion 
devices. 

The issues related to the benefits and limitations in utilizing fission 
reactors for fusion nuclear experiments were evaluated. FlBslon reactors are 
found useful for a number of experiments, and their utilization should be 
maximized. They provide the only present means for obtaining neutrons in a 
significant volume. However, fission reactors have limitations on spectrum, 
flux level, size of test element, number of test locations and simulation of 
the non-nuclear aspects of the fusion environment. Hence, fission reactors 
cannot substitute for fusion testing for many of the interactive tests and are 
not suitable for integrated tests. 
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Accelerator-based neutron sources, fission reactors and non-nuclear test 
stands can satisfy an Important part of fusion nuclear technology research and 
development. However, It appears that a fusion device Is required to meet 
critical needs in R&D for fusion nuclear technology. There are four key 
reasons why a fusion device is needed for many of the multiple effeet/multiple 
interaction and Integral experiments: 

1) Many of these experiments require the size of the teat article to be 
1 u x 1 m x. 0.5 m or much larger, e.g., for some of the liquid metal tests. 
Such a size can be accommodated only in a fusion device. 

2) The total volume, surface area and power density for the critical 
1q needs in the test matrix correspond to a steady-atate neutron source of > 10 

n^s~', or > 20 MW of 14 MeV neutron power over ~ 10 or of surface area. This 
requirement can be satisfied only in a fusion device. 

3} Only a fusion device can simultaneously simulate all of the key 
environmental conditions." neutrons, electromagnetics, plasma particles, 
tritium and vacuum. 

4) A fusion device provides the correct neutron spectrum produced by a 
14 HeV neutron source and the complex process of neutron and gamma ray slowing 
down and backscatterlng. 

A fusion device is necessary for many critical fusion nuclear engineering 
research and development experiments. However, there are presently a number 
of issues concerning such a testing device. One issue is the cost. This 
tends to be relatively high on a single investment basis but not on a per 
neutron basis. The cost of the device generally Increases as the requirements 
on a number of key parameters increases (e.g., neutron wall load, fluence, 
test surface area). Reducing these parameters substantially below those 
typical of full-scale reactors, to keep the cost relatively low, leads to a 
decrease in the benefits of tests . The problem of obtaining meaningful teat 
data at scaled down environmental conditions has been comprehensively 
addressed In FINESSE. Table 2.1-1 shows preliminary conclusions on require
ments for the priaary parameters of a fusion test device that appear >t 
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Table 2.1-1 Prellalnary Requirements on Key Parameters of a 
Fusion Engineering Research Facility 

Wall Load 
- Minimum: > 1 MW/mz 

- Substantial benefits: 2-3 MW/mz 

- Much higher wall loads can be 
extremely beneficial and will 
alter strategy (accelerated 
testing, more ambitious tech
nology performance goals for 
fusion, etc.) 

Surface Heat Load 
- Critical for tests of first wall, 

solid breeder blankets, liquid 
metal blankets 

- Tokamak blankets: > 20 W/cm2 

Mirror blankets: < 20 W/cm2 

- Methods to enhance surface heat 
flux in fusion test facilities, 
are important 

Plasma Burn Cycle 
Pulsing sharply reduces the value 
of many tests 

- Minimum burn time: > 500 s 
- Maximum dwell tine: < 100 s 
- Prefer steady state 

Minimum Continuous Time 
Many periods with 100% 
availability 
Duration of each period: 
Critical: several days 
Important: several weeks 

Fluence 
- Fluence requirements will depend 

on whether a print neutron source 
or other me»-.is Is available for 
high fluence material testing 

- Tn general, component tests In 
the early stages of development 
are carried out to fluences lower 
than those for specimen tests 

- In all cases, higher fluenres are 
desirable hut castly; modest 
fluences are Btill extremely 
valuable 

- For component tests: 
Critical: 1-2 
Very Important: 2-4 
Important: 4-6 
Desirable: 

MW.yr/m2 

. - M/.yr/nr 
6-10 HH.yr/m2 

Minimum Size of Test Assembly 
- Interactive tests: 

~ 0,2 m x 0.2 a x 0.1 m 
Integrated tests: 
1 m x 1 m x 0,5 m 

(Some liquid metal blanket 
designs tend to require larger 
size, eectot scale) 

- Critical; > 5 m2 

- Very Important: > 10 m 2 

- Important: 15-20 m 

Availability 
- Minimum: 20% 
- Substant ia l b e n e f i t s : 50% 
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present co be a reasonable compromise between the increased cost at high 
perfonutice parameters and the reduction in the benefits at scaled down condi
tions . 

The requirements in Table 2.1-1 indicate the importance of high power 
density (vail load ~ 2-3 MW/m 2), long plasma bitrntltie (> 500 a) and surface 
area available for testing (~ 10-15 » z) in a fusion test device. High fluence 
(4-10 MH»y/m2> is important for near end-of-life prediction, but critical 
information about tmny interactive effeces that are critical to feasibility 

2 issues can be learned at lower fluenees (~ 1-2 MW*y/m ) . 

The option for a fusion facility in which the needs of fusion nuclear 
technology can be fulfilled has to be considered in the context of scenarios 
for the overall fusion research and development. Preliminary evaluation 
screening of a number of scenarios has been performed. Other than cost and 
schedule, these scenarios seen to have two distinct options with respect to 
the next major deviee(s). In the first option, a single fusion device is 
built to perform both plasma and technology experiments. In the second 
option, two fusion devices are built; one is aimed at plasma experiments and 
the other is dedicated to fusion nuclear technology. 

The first option has been considered extensively in the world program for 
the case in which the tokaaak Is the primary path to commercial reactors. 
Examples are INTOR, SET, FUR and FTO* The assessment concludes that high 
risks and high costs are concerns for this type of device. One specific 
problem of greatest concern in combining the physics and technology missions 
in a single device arises because of the Inherent characteristics of conven
tional tokaaaks. Plasma physics testing alone requires large fusion power 
(~ 300-600 Mt?) to achieve ignition and/or reasonably high wall loads {> 1 
MW/w ) , but requires low fluence « 0.01 MW»y/o2)» On the other hand, nuclear 
technology experiments require low fusion power <~ 20-50 MB) but high fluence 
(~ 2-10 MW»yAn z). The combination of high power and high fluence in a single 
device leadB to high costs and high risks because of several reasons, the moat 
Important of which is high tritium consumption (> 100 kg). Since such an 
amount of tritium la both unacceptably expensive <> $1 billion) and unavail
able from external sources, the tokamak facility needs to have ita own breed
ing blanket. Analysis shows that a breeding blanket without prior fusion 
testintt is llkelv to result in such a low device aval) ahl 11 t-v *fi*t rtu> t-i*t «f 



the device not achieving its mission during a reasonable operating life is 
very high. 

The second option of too separate facilities for plasma and nuclear 
technology testing has been considered. The plasma device la aimed at exam
ining long burn and ignition physics. Studying options for a plasma testing 
device is not within the scope of FINESSE but an example of such a device is 
the recent TFCX design. Since this device is not burdened with the nuclear 
technology requirements, it can be optimized to achieve the plasma physics 
objectives at relatively lower cost and lower risk than an INTOR-type facil
ity. Although the cost of TFCX is predicted to be substantially more than 
one-half the cost of INTOR, it is possible that further optimization for 
"plasma testing" only may result in significantly lower cost option. 

Possibilities for a fusion device dedicated to nuclear technology testing 
are being evaluated in FINESSE. A preliminary scoping study of the potential 
of tokamaks and mirrors as dedicated nuclear technology testing facilities has 
been completed. 

The tokamak effort has attempted to minimize the physical size, fusion 
power, circulating power, and capital cost while maximizing the wall load and 
plasma burn time. This effort resulted in a conceptual design for a copper TF 
coil device that has 185 MW fusion power, ~ 1.15 MW/m neutron wall 
load, ~ 1000 s pulse length, major radius of 2.55 m and an aspect ratio of 
3=4. The davice requires an average beta of - 23% and circulating power 
of ~ 190 MW. While such a device appears considerably more attractive than 
previous tokamak test facility designs, its captial cost, electrical power and 
annual tritium consumption requirements are at the higher ends of the accept
able range. Thus, further efforts are required to reduce the physical size 
and fusion power level while Increasing the neutron wall loading. In addi
tion, the physics risk associated with the selected plasma operating param
eters needs evaluation. 

The most suitable facility for fusion nuclear technology testing is a 
device In whir the power and power density are decoupled. A device that 
produces 20-50 MW of fusion power at ~ 1-2 MW/m wall load or higher is well 
suited for this purpose. The plasma can serve only as a neutron producer, and 
there are no other requirements on the plasma except steady-state or long-burn 
operation. For example, beam-driven plasmas are acceptable. Mirrors appear 
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to offer an advantage in this area, and a number of possibilities for a mirror 
device have been evaluated. A facility of the TDF-type appears to satisfy 
uoat of the nuclear testing requitenents with a capital cost roughly half of 
that for an IHTOR-type facility. While the capital costs for mirror and 
tokamak devices that are nuclear-dedicated are comparable, the ability to keep 
the fusion power low in the mirror options results in substantial savings in 
the annual operating cost and amelloriates the tritium consumption and supply 
Issue. 

There is no single unique approach to fusion development that can pres
ently be judged as the best. The approach to fusion development involves a 
myriad of complex technical, programmatic "<nJ financial Issues. The FINESSE 
experience demonstrates that better insight into the merits end disadvantages 
of various approaches can be gained from Identifying and characterizing the 
R&D requirements and evaluating the capabilities and limitations of the var
ious options for experimental facilities. More effort is needed, e.g., as is 
planned In the second year of FINESSE, to deepen our understanding of the 
-implications of various options for fusion research and development scenar
ios. At present, there appears to be some general conclusions from the fusion 
nuclear technology development viewpoint. 

The general framework for fusion nuclear technology R&D, as shown in 
Table 2.1-2, has two distinct stages. In the first stage (from now to the mid 
to late 1990s), the fusion nuclear technology R&D program can and should 
utilize existing facilities (test stands, point neutron sources and fission 
reactors) to obtain information on materials properties, single effects, and 
many multiple interaction tests. Pull utilization of the technical capabili
ties of available facilities requires expanding the financial resources allo
cated to fusion nuclear technology RSD in the world programs. In addition, 
there is a need to construct a number of new small scale facilities aimed at 
multiple interaction tests • An example at the upper end of such facilities is 
one in which many of the fusion environmental conditions, except neutrons, are 
simulated for a liquid metal blanket and Its heat transport loop. 

Planning for a second stage (after the mid-1990s) in fusion nuclear 
technology R&D must start now. In this second stage, experiments in a true 
fusion environment are required to address many of the feasibility and 

2-8 



Table 2,1-7. General Framework for Fusion Nuclear Technology Development 

Nov to Mid-1990s After Mid-1990s 

- Utilize existing facilities 
(test stands, point neutron 
sources, fission reactors)* 

- Build & number of small-scale 
experimental facilities. 

- There may be a need for a 
partially integrated test 
facility (PITF), e.g., facility 
for liquid metal blanket and 
transport loop experiments in 
all relevant environmental 
conditions (vacuum, tritium, 
magnetic field) except neutrons 

- Continue experiments in non-fuelon 
facilities. 

- Engineering experiments in a 
fusion facility (possibly 
dedicated to nuclear technology). 

attractiveness Issues Elated to multiple interaction and integrated perform
ance. Uhile we understand the fusion nuclear technology testing requirements 
on such a facility, identifying the best option for a technically credible and 
relatively inexpensive fusion device requires further effort. It appears that 
Lhe~e are substantial incentives to considering a fusion development scenario 
in which a fusion device Ji dedicated to nuclear technology R&D. This sce
nario is shown schematically in Fig. 2.1-1. The knee-ledge front the plasma and 
technology experiments shown in this figure should provide a sufficient data 
base to quantitatively judge the potential of fusion as an energy source. 
Successful completion of this milestone can then be followed by an engineering 
development and demonstration phase. 
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2.2 Fusion Nuclear Issues 

2.2.1 Introduction 

A coherent program of engineering testing and nuclear technology develop
ment amst address the key issues which nost seriously impact the feasibility 
and attractiveness of fusion nuclear components. Identifying and generally 
characterizing these issues If the first step. 

A concise, comprehensive list of testing Issues resulted from a program-
wide effort involving contributions from experts In materials science,, struc
tures, failure modes, thermal hydraulics, MHD, tritium recovery, systems 
integration, and many other disciplines. In Chapter 3, the Issues are 
described In brief summaries and compiled in a table format which character
izes the issues, their relative importance, and general requirements for 
testing. 

Generic examples of blankets were needed to focus the effort to identify 
the majority of the requirements on a fusion test facility. The number of 
blanket options was limited to liquid metal (11 and UPb) and solid breeder 
(L120 and ternary ceramics) concepts. Inclusion of other concepts {e.g., 
molten salt) is not likely to substantially change the test requiremants for a 
fusion facility. However, they need to be considered in determining near—terra 
experimental programs. 

2.2.2 Issues Tables and Summaries 

Issues are defined by the presence of two necessary attributes: uncer
tainty and negative consequences. Seven potential impacts were defined under 
two main headings: 

Feasibility Issues 
o May Close the Design Window 
• May Result in Unacceptable Safety Risk 
• May Result in Unacceptable Reliability, Availability or Lifetime 

Attractiveness Issues 
• Reduced System Performance 
• Reduced Component Lifetime 
• Increased System Cost 
• Less Desirable Safety or Environmental Implications 
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Feasibility issues, which nay rule out a design on scientific grounds, are 
generally felt to be mora serious than issues which only threaten to reduce 
the safety or economic potential of a design. By combining the .level of 
uncertainty, the potential Impact, and the degree to which the issue is design 
specific, a composite index is given for the overall level of concern. The 
nost critical Issues have the greatest need for testing; the remaining effort 
to quantify test requirements and choose test devices concentrates on these 
issues and how well they can be resolved. 

In addition to the potential impact and overall level of concern, each 
issue has certain Important environmental conditions which should be present 
in order to adequately resolve it through testing. The effect of neutrons Is 
listed separately from the other paraneters because the presence of neutrons 
most strongly affects the cost and other aspects of testing. Neutron effects 
are classified as: 1) bulk heating, 2) materials damage, or 3) specific reac
tions (such as tritium and helium production, transmutations, etc.). 

The organization of the list strongly influences the statement of the 
issues. Various possible ways to present the issues include: 

• according to technical discipline 
• according to blanket function 
a according to component affected. 

It is believed that the organization according to component and subcomponent 
is the most appropriate method for a precise statement of testing issues. The 
reactor components affected by the nuclear environment include: the blanket, 
plasma interactive components, shield, ti/ttium processing system, magnets, 
instrumentation and control. Within the blanket, subcomponents are further 
identified, including structure, coolant, and breeder. In order to address 
interactive issues, there are categories for coolant-structure interactions, 
breeder/multiplier Interactions, and general blanket phenomena. 

The complete list of issues contains approximately 120 specific technical 
Items. An effort was made to keep a somewhat uniform level of detail in the 
definition of an issue. The adherence to a uniform standard of detail allows 
a meaningful comparison of the different reactor components. The blanket 
encompasses approximately half of the testing issues. Plasma Interactive 
components (PIC) account for another 25X, and the other non-blanket components 
share the remaining 25%. The total number of specific testing issues Identl-
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fled as critical M B 21: IS in the blanket, 6 in PIC, and zero for the other 
components. Critical issues are defined as those issues which have an impact 
on component feasibility for a large class of designs - The critical Issues 
from Section 3.2 are collected here and listed In Table 2.2-1. 

2.2.3 Statement of Critical Issues 

A complementary summary of the critical Issues of fusion nuclear tech
nology was compiled using a method of organization which stresses the key 
functional aspects of the fusion reactor which must be resolved through tes
ting. These are listed in Table 2.2-2 and discussed in more detail here and 
in Section 3.3. 

1. DT Fuel Cycle Self-Sufficlency 

One function of the blanket is to breed enough tritium to fuel the 
plasma, accounting for the various loss mechanisms present. For many reactor 
concepts the margin in the tritium breeding ratio is not large enough to cover 
the uncertainties. Uncertainties exist in both the required and the achiev
able amount of tritium breeding. The required amount of tritium breeding is 
uncertain due to lack of data and models to reliably predict tritium inventory 
and behavior throughout the fuel cycle, including the plasma, blanket, and 
tritium processing systems. The achievable amount of tritium breeding is 
uncertain due to the variability in design choices and due to the limitations 
in accuracy of neutronlcs data and methods. 

2. Therraomechanical Loading and Response of Blanket Components under Normal 
and Off-Normal Operation 

Another function of the blanket is to safely and reliahly convert nuclear 
energy to heat in an environment which includes high temperatures, high 
stresses, high magnetic fields, high radiation fields, etc. Design of a 
viable and reliable blanket is very difficult and many uncertainties remain to 
be resolved. The uncertainties involve both the sources of thermomechanlcal 
loading (e.g. disruptions, hot spots) and the structural responses (e.g. 
interaction of primary and secondary stresses, influence of swelling and 
creep). Liquid metal blankets have additional large uncertainties due to the 
effects of KHD on fluid flow, heat transfer, corrosion, and thermal and pres
sure stresses. 
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Table 2.2-1 Critical Testing Issues 

BLANKET 
Uncertainties In Achievable Tritium Breeding Ratio 
Uncertainties in Required T: Iriua Breeding Ratio 
Changes in Properties and Behavior of Materials 
Effect of First Wall Heat Flux and Cycling on Fatigue or Crack Growth 
MHD Pressure Drop and Pressure Stresses 
MHD Effects on First Wall Cooling and Hot Spots 
MHD and Geometric Effects on Flow Distribution 

- MasB Transport Rates and Consequences due to Corrosion 
Intragranular Tritium Dlffuslvlty and Solubility 
Temperature Limits in Solid Breeder Materials 
Clad Corrosion from I^O Burnup Products 
Strain Accommodation by Creep and Plastic Flow In Li 20 Solid Breedera 
Swelling Driving Force in L1»0 
Breeder/Structure Interface Heat Transfer 

- Effectiveness of Tritium Permeation BarrlerB 
Plasma Interactive Components 

I - Erosion and Redepositlon 
j - Thermal Hydraulic Techniques 

Plasma Edge Temperature and Density Control 
• - Tritium Permeation and Inventory 

RF Launcher Performance Requirements 
SF Window and Feedthrough Performance 

Table 2.2-2 Critical Fusion Nuclear Technology Development Issues 

1. DT Fuel Cycle Self-Sufficiency 
2. Thermomechanical Loading and Response of Blanket Components under 

Normal and Off-Normal Operation 
3. Materials Compatibility 
4. Identification and Characterization of Failure Modes and Rates 
5. Tritium Inventory and Recovery in the Solid Breeder under Accual 

Operating Conditions 
6. Tritium Permeation and Inventory In the Structure 
7. In-Vessel Component Thermomechanical Response end Lifetime 
8. Radiation Shielding: Accuracy of Prediction and Quantification pf 

Radiation Protection Requirements 
9. Accuracy and Survivability of Instrumentation and Control 
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3. Materials Compatibility 

Materials compatibility of the structure, coolant, breeder, and tritium 
recovery fluid influences design limits, failure modes, Bafety and relia
bility* Limits on the maximum temperature allowed In the blanket are often 
determined by the allowable corrosion rates. Even within the allowable tem
perature window, materials interactions limit the maximum lifetime of the 
blanket by contributing to materials degradation and failure modes. Because 
of the possibility of mobilizing and transporting radioactive isotopes, mate
rials compatibility is also a serious safety issue. Data needs for materials 
compatibility Issues include basic materials interactions data and information 
on the interactions among materials in the fusion environment, which includes 
radiation, high magnetic field and bulk heating, 

4. Identification and Characterization of Failure Modes and Rates 

Knowledge of failure modes and rates is necessary because of their criti
cal impact on the lifetime, economic potential, and safety of fusion compo
nents. Two of the failure modes suspected to be serious concerns include 
crack growth under irradiation and failure at welds and discontinuities. 
Experiments are required to examine these suspected failure modes. The most 
important information from experiments may be the identification of unforeseen 
failure modes in the unique fusion environment. 

5. Tritium Inventory and Recovery In the Solid Breeder under Actual Operating 
Conditions 

Tritium inventory is important because it influences the required breed
ing ratio and the safety risk of the blanket. Major uncertainties relate to 
both the fundamental tritium transport mechanisms in the solid breeder and 
purge, and the effect of the fusion environment, which includes irradiation, 
mechanical and nuitslals Interactions. Tritium transport within the solid 
breeder Is very sensitive to the fabrication techniques and operating condi
tions, particularly the effect of radiation. The breeder temperature profile 
is particularly crucial because a relatively narrow window of operation is 
predicted, based on unreasonably high Inventory at low temperatures and sin
tering and materials properties changes at high temperatures. 
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6. Tritium Permeation and Inventory in the Structure 

Tritium permeation is primarily a safety concern, but the attempt to 
control it can have a large impact on design and operation. The most serious 
problem is felt to exist for in-vesael components where tritium passes from 
the plasma chamber Into the coolant streams. The magnitude of permeation 
depends on plasma edge conditions, on trapping in the structure (which may 
depend strongly on Irradiation), and on the effectiveness of control methods, 
such as permeation harriers. In the bulk of the blanket, permeation can be 
significantly altered by the form in which the tritium is released from the 
solid breeder and the chemistry and kinetics as it travels through the 
blanket. The form of tritium influences both the release rate and the biolog
ical hazard potential. 

7. Iii-Vessel Component Thermomechanical Response and Lifetime 

In-vessel components have special problems with thermomechanical perform
ance in addition to those in the blanket. These special problems stem from 
the very high heat and particle fluxes to which these components are exposed 
under normal and off-normal conditions. One of the largest uncertainties is 
erosion and redeposltlon mechanisms and consequences, which have far-reaching 
Implications on lifetime, failure modes, and design choices. The structural 
Integrity of ln-vessel components Is also uncertain due to the high thermal 
stresses and presence of local hot spots. Bonds nay be necessary If the 
surfaces are protected by coatings or composite structures. The structural 
response of these bonds is a particular concern. 

8. Radiation Shielding: Accuracy of Prediction and Quantification of Radia
tion Protection Requirements 

The primary function of radiation shielding is to protect both personnel 
and sensitive reactor components. The latter is generally more restrictive, 
including superconducting magnets, some elements of plasma exhaust and heating 
systems, instrumentation and control. Uncertainties exist in the accuracy of 
predicting the radiation field and in quantifying the radiation protection 
requirements for these sensitive components. Although sophisticated neutron-
ics techniques exist, uncertainties remain due to modeling complexities, 
nuclear data uncertainties, limitations of calculational methods for deep 
penetration problems, and time-dependent behavior of materials and structures. 
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9. Accuracy and Survivability of Instrumentation and Control 

Failure of instrumentation and control may have a very serious Impact on 
the safety and operation of the reactor. The vulnerability of these compo
nents depends to a large extent on radiation shielding as described above. 
However, because of the added effects of all the environmental conditions 
present in a fusion reactor (e.g., nagnetlc field), ISC is considered sepa
rately. Instrumentation and control components often contain materials which 
are sensitive to radiation, electromagnetic effects, and corrosion. It is 
necessary in a number of key cases to develop new measurement techniques 
because presently available instruments will not function properly in high 
fields, with bulk heating, or in corrosive environments. In addition, innova
tive techniques for measurements related to new phenomena in the fusion envi
ronment are needed In order to obtain meaningful Information from experiments. 
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2,3 Survey of Experimental Weeds 

2,3.1 Introduction 
The development of fusion to the commercial reactor stage will require 

resolving the many known Issues, as well as presently unknown ones. The first 
step is to identify these concerns, the second is to identify the teste that 
are needed to resolve the concerns, and the third is to implement a test 
program to perform these tests. This aection summarizes the results of the 
second step, where the fusion nuclear technology testing needs up to the 
engineering demonstration stage are identified. 

For this survey, "test" is used in the generic sense to mean a process of 
obtaining information through physical experiment and measurement, I.e., not 
through design analysis or computer simulation. A "teating need" refers to a 
need for a certain class or type of information that must be obtained through 
experimental measurements. For example, there is a testing need for irradi
ated structural material properties, which *iill require a range of tests such 
as tensile strength and cyclic fatigue tests applied to thousands of test 
articles. 

The survey relied on experts from many technical disciplines in order to 
identify the tests that should be performed. All testing needs are addressed, 
including developing a property data base, understanding underlying phenomena 
and verifying component performance. It is based largely on a limited number 
of representative blankets and other components which are expected to indicate 
moat of the needed tests. These tests muat address the issues with a minimum 
of overlap, and with test goals that can be met with measurable and interpret-
able results under the relevant environmental conditions. The Identified 
tests are presented in a format that is Intended to make assumptions and 
judgements explicit. 

The testing needs identified in this survey are organized into two 
levels: component and type of information. The first level distinguishes 
between the components, which generally have different functions, different 
operating conditions, and thus different testing needs. Specific eomponeotn 
considered include the blanket, plasma interactive components (e.g., first 
wall, limiter, divertor, rf antennae), shield* tritium processing system, 
magnets, instrumentation and control, and balance of plant, as well as 
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interactions among these components. The second level of organization distin
guishes between types of testa, such as property iieasuretients versus component 
verification. This level also provides a rough measure of test complexity and 
a loose chronological ordering since generally the simpler tests will be 
performed first. 

2.3.2 Test Categories 

The test categories adopted here are: ' Basic, Single Effect, Multiple 
Effect/Multiple Interaction, Partially Integrated, and Integrated Tests. 
Table 2.3~1 summarizes the descriptions of these categories. Component tests 
is another category, hut it has not been considered In detail in FINESSE 
because it represents requirements for a more advanced stage of development 
than that for which the earlier test categories are needed. 

Basic Tests measure basic or Intrinsic property data such as thermal 
conductivity of a solid breeder material. Single Effect Tests are experiments 
with a single environmental condition aimed at developing an understanding and 
models of a single phenomena or issue. 

At some point, however, additional phenomena and Interactions must be 
added to demonstrate and explore any synergistic effects. These Multiple 
Effect/Multiple Interaction Tests involve both interactions among the effects 
of multiple environmental conditions as well as direct interactions among 
different physical elements. 

Partially Integrated Tests attempt to obtain Integrated Test Information 
but without some key environmental condition. This category emphasizes a 
particular range of tests in the continuum between Multiple Effect/Multiple 
Interaction and Integrated Tests. It is particularly relevant for fusion 
where costs may limit complete simulation of all important variables. 

Integrated TeBtB demonstrate that a concept is feasible; they are the 
"proof-of-prlnciple" experiments. With all key environmental conditions and 
physical elements present, they specifically indicate any major unanticipated 
interactions. However, they are often performed under scaled size or environ
mental conditions. Depending on the degree of scaling, a given test may 
emphasize one aspect of component performance over another, such as a test 
that simulates thermomechantcal behavior hut cannot also simulate full tritium 
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Table 2.3-1 Test Categories for Single Component Research and Development 

Basic Teat 
• Basic or Intrinsic property data 
• Single material specimen 
• Examples: thermal conductivity; neutron absorption cross section 

Single Effect Test 
• Explore a single effect, a single phenomenon or the interaction of a 

Halted number of phenomena, in order to develop understanding and 
models 

• Generally a single environmental condition and a "clean" geometry 
n Examples: 1) pellet-in-can teat of the thermal stress/creep interac

tion between solid breeder and clad; 2) electromagnetic response of 
bonded materia'^ to a transient magnetic field; 3) tritium production 
rate In a slab of heterogeneous materials exposed to a point neutron 
source 

Multiple Effect/Multiple Interaction Test 
s Explore multiple environmental conditions and multiple interactions 

among physical elements in order to develop understanding and prediction 
capabilities 

• Includes Identifying unknown interactions, and directly measuring spe
cific global parameters that cc.nnot be calculated 

• Two or more environmental conditions; more realistic geometry 
• Example: testing of an internally cooled firBt wall section under a 

steady surface heat load and a time-dependent magnetic field 

Partially Integrated Test 
• Partial "integrated test" Information, bat without some important 

environmental condition to permit large cost savings 
• All key physical elements of the component; not necessarily full scale 
a Example: liquid metal blanket test facility without neutrons 

Integrated Test 
• Concept verification and identification of unknowns 
• All 'tey environmental conditions and physical elements, although often 

not full scale 
• Example: blanket module test in a fusion test device 

Component Test 
s Design verification and reliability data 
• Full-size component under prototypical operating conditions 
s Examples: 1) an isolated blanket module with its own cooling system in 

a fusion t»it reactor; 2) a complete integrated blanket In a demonstra
tion power .eactor 
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breeding behavior because of the changes in the nodule needed to accommodate 
the available test conditions. 

In contrast to the above categories of tests where the focus Is on basic 
data, understanding and concept feasibility, Component Tests are performed at 
a more advanced stage of development to verify that full-sized components 
operate as expected under complete prototypical conditions. This brings out 
all interactions and any remaining unknowns, and yields definitive reliability 
and performance data. 

2.3.3 Testing Weeds Summary 

Each identified testing need is characterized by: 
- importance of neutrons; 

Importance of fusion neutron energy spectrum; 
- other required environmental conditions; 
- typical test article size; 
- number of test articles (excluding duplicate tests for statistical 

purposes, off-normal conditions, data at several time intervals for 
high fluence tests, etc.); 

- usefulness and limitations of non-nuclear test stands, point 
neutron sources and fission reactors as test facilities. 

From the test descriptions in Chapter 4, a total of 74 testing needs were 
identified, with 45X blanket related, 20X plasma interactive components, and 
35% for the remainder of the components and component interactions. Three 
specific tokamak testing needs -were identified related to plasma interactive 
components, while no specific mirror testing needs were defined. Also, there 
were seven solid breeder, two multiplier and three liquid breeder specific 
testing needs, 

A particularly interesting class of tests are those which require high 
energy or fusion neutrons, since this is directly related to the question of 
the ability of non-fusion test facilities to fully develop reliable fusion 
nuclear components. In these tests, neutrons serve as a source of bulk heat
ing, radiation damage and/or specific reactions. These tests are summarized 
In Table 2.3-2, along with estimates of test article sizes and the required 
number of test articles. Such tests include irradiated properties measure
ments, is well as Integrated tests where a fusion environment is believed 
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necessary to confidently address the key Issues related eo establishing con
cept feasibility and attractiveness. 

2-22 

11 



0lj?f& 

Table 2.3-2 Fusion Nuclear Technology Tests 
Requiring Fusion Neutrons 

Typical Test Number of 
Tests Article Size Test 

(en x cm x cm) Articles* 

BASIC TESTS 
1 x 1 x 2 20,000 Structural material irradiated properties 1 x 1 x 2 20,000 

Solid breeder irresisted properties 1 x 1 x 2 1,200 
Plasma interactive materials irradiated 1 x 1 x 5 900 

properties 
Radiation damage indicator cross-sections 1 x 1 x 0.5 500 
Long-lived isotope activation cross-sections 1 x 1 x 0.1 200 
Neutron sputtering rate cross-sections 1 x 1 x 0.1 30 

SINGLE EFFECT TESTS 
10 x 10 x 10 50 Structure thernomechanical response 10 x 10 x 10 50 

experiments 
Weld behavior experiments 10 x 10 x 5 50 
Shield effectiveness in complex geometries 50 x 50 x 100 50 
Optical component radiation effects 2 x 2 x 2 20 

MULTIPLE EFFECT/MKLTIPLE INTERACTION TESTS 
LB*:100 x 100 x 30 5 Submodule thermal and corrosion LB*:100 x 100 x 30 5 

verification SEb:l0 x 50 x 30 5 
PARTIALLY INTEGRATED AND INTEGRATED TESTS 

50 x 50 x 100 4 Verification of neutronlc predictions 50 x 50 x 100 4 
- Tritium breeding, nuclear heating during 

operation, and induced activation 
Full module verification LBC:100 x 100 x 50 5 
- Thermal and corrosion SB:100 x 100 x 50 5 
- Module thermomechanical lifetime 
- Tritium recovery 

Instrumentation transducer lifetime 1 x 1 x 2 70 
Insulator/substrate seal integrity 1 x 1 x 2 20 
Biological dose rate profile verification DT device 1 
Afterheat profile verification DT device 1 

COMPONENT TESTS 
SB: 30 x 100 x 80 3 Blanket performance and lifetime SB: 30 x 100 x 80 3 

veri Llcation LB:900 x 300 x 80 3 
Radiation effects on electronic components l x l x l 20 
Instrumentation performance and lifetime 5 x 5 x 5 100 

aTest article defined as one physical entity tested at ong set of condi
tions. Duplication of tests iot statistical purposes, off-normal conditions, 
data at several time intervals, for high fluence tests, etc., are not included 
ii. the number of test articles. 
bLB - liquid breeder blankets 
SB » solid breeder blankets . 

cSome designs require larger test volume. :• 
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2.4 Requirements of the Experiments 

2.4.1 Introduction 

The previous two sections identified the issues and surveyed the testing 
needs to resolve these issues. Translating these testing needs into a realis
tic R&D plan that describes experiments, facilities, schedule and cost 
requires tradeoffs between two factors: (1) benefits of tests as functions of 
the environmental conditions provided in the experimental facility* and (2) 
capabilities, limitations, costs and risks of various options for experimental 
facilities. This Beetion examinee the first factor while the next two sec
tions are focused on facilities* Section 2*4.2 is concerned with quantifying 
the test requirements and developing engineering scaling relationships for 
multiple interaction and integrated tests. The quantitative analysis in this 
area has been limited to date to the blanket subsystem. Section 2.4.2 Is 
focused on operating parameters such as power density, magnetic field inten
sity, and power pulse length. The special problems related to failure modes 
and the important considerations of highly time-dependent phenomena that 
affect fluence goals are the focus of Sections 2*4.3 and 2*4.4, respec
tively. Experiments aimed specifically at neutronlcs information (e.g., 
tritium breeding, nuclear heating) have their own distinct requirements and 
are discussed In Section 2.4.5. Preliminary evaluation of test matrix consid
erations, e.g., total surface area and volume for fusion nuclear technology 
R&D in the neutron environment is the subject of Section 2.4,6. 

1.4 .2 Blanket Experiment Requirements and Engineering Scaling 

2.4 2.1 Introduction 

For the class of Interactive, partially integrated and integrated tests, 
it is nearly certain that the parameters of the test device will not all natch 
those of a full-scale fusion reactor because of cost constraints. This will 
result in changes, to the operating conditions in the test module. If nothing 
is done to correct this situation, the value of the test to resolve the key 
nuclear testing issues may he severely restricted. 

It Is possible in many cases for which the phenomena are sufficiently 
well understood to modify the design or operating parameters of the test 
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module in order to recover the Important aspects of the testing Issues. This 
process of developing meaningful tests at reduced device parameters is known 
as engineering scaling. In some cases, even If the phenomena are well-
understood, a reduction of the device parameters beyond certain limits will 
result in the Inability to maintain act-alike blanket behavior. One of the 
goals of Engineering Scaling Is to identify and determine these limits, or 
test requirements• This procedure Is often difficult because blanket behavior 
usually varies slowly as a function of the device parameters, without an 
abrurt change of operational performance. Many trade-offs between cost and 
benefit must be considered with respect to the large number of testing issues 
and their priorities. 

In order to understand and quantify the scaling laws and test require
ments, analyses of many technical aspects of blanket operation were performed, 
including fluid flow, MUD, thermal-hydraulics, tritium recovery, structural 
mechanics, neutronics, corrosion and materials compatibility. These analyses 
were based on issues that are believed important, but were limited In scope. 
Consequently, the conclusions regarding the requirements for useful scaled 
tests are not complete. 

For these analyses, four specific reference blankets were chosen (see 
also Appendix D); the MARS self-cooled LiPb/HT-9 mirror blanket and three 
designs representative of blankets considered within BCSS: a self-cooled 
lithium torolrtal/poloidal flow design, a helium-cooled l^O design, and a 
water-cooled I.lAlfij design. These blankets were considered not because they 
necessarily represent the best possible designs; rather, they serve as tools 
to identify the problems of scaling plausible blankets. They cover a range of 
design features of general Interest, such as liquid versus solid breeder, and, 
consequently, their consideration should lead to conclusions on engineering 
•scaling and teat requirements that are applicable to a large class of candi
date blankets. 

2.4.2.2 Llonid Metal Blanket Test Requirements 

POT *;he liquid metal blankets, the most critical integrated testing 
Issues are: 1) thermomechanlcal performance and failure modes, Including MKD 
effects, and 2) materials compatibility. Most of the analysis and the effort 
to determine test requirements were based on these Issues. 
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Thermomechanlcal Performance 

The uncertainties In thermomechanlcal performance relate to both the 
couples loading conditions and the thermal and structural responses to the 
loading. Integrated testing to verify the thermomechanlcal performance of the 
blanket will require testing In the correct geometry and under actual loading 
conditions. 

The sources of structural loading include steady and/or transient thermal 
stresses, MHD pressure stresses, radiation swelling, and magnetic forces. 
Probably the most difficult and most Inportant loading condition to simulate 
Is the thermal stresses, which stem from the temperature profiles in the 
blanket. These profiles depend strongly on MHD velocity profiles which are 
very design-dependent and poorly understood. The desire to preserve tempera
ture profiles and thermal stresses leads to requirements on the size of the 
test module, the surface heat flux, the bulk heating, and the MHD velocity 
profiles• 

As the length of the cooling channels is reduced from the reference 
values, the thermal hydraulic behavior is affected. This is due to the fact 
that liquid metal flow in magnetic fields can have extremely long entry 
lengths for the development of velocity, temperature, and dissolved corrosion 
product profiles. The entire blanket can be In a state of development, in 
which heat, mass, and momentum transfer coefficients are rapidly varying. 
Figure 2.4.2-1 Illustrates this behavior. It shows, for a typical heated 
channel perpendicular to the magnetic field, that the heat transfer coeffi
cient drops, corrosion rate increases after an initial saturation, pressures 
decrease due to MHD effects, and temperatures Increase (which in some designs 
can result in increasing thermal stresses). 

As a result of this complex art y of loading conditions, shortened chan
nels may not be able to simulate the entire thermal/mechanical state of the 
blanket. In some blankets, for example the BOSS reference blanket, this may 
not turn out to be an insurmountable problem. Thermomechanical verification 
can be performed on a unit cell basis, for which only a small region of the 
blanket is treated at a time. In addition, the application of scaling, such 
as reducing the flow velocity or the channel dimensions, may help to recover 
the entire development region for several of the Important loading 
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Figure 2.4.2-1 Illustration of the variation of neat transfer (Nu), corrosion (C.R.) and pressure 
stresses along a heated channel perpendicular to the magnetic field, 



conditions. The fluid residence time is one of the most important scaling 
parameters for act-alike temperatures and corrosion. 

The surface heat flux Is the largest contributor to the first wall stress 
In tokamak blankets. In the BCSS composite first wall structure, the thermal 
stress depends primarily on the temperature gradient across the first wall and 
the difference in temperature between the £Irst and second walls. The exact 
shape of the temperature profiles Is less Important. Figure 2.4.2-2 demon
strates this effect using an I-beam section from the first wall. Four cases 
are presented. In Cases 1 and 2, the validity of aspect ratio scaling is 
demonstrated. In Case 3, the bulk heating Is turned off, but the second wall 
temperatures are maintained (by controlling the coolant temperature) and the 
stresses are maintained nearly Identical. In Case 4, the second wall tempera
ture is allowed to rise, showing a substantial change in stresses. If control 
of the coolant temperatures Is possible, then the radial temperature profile 
(where "radial" Is the direction away from the plasma) can be simulated well 
without bulk heating. 

The primary need for neutrons in structural testing of this design is 
irradiation effects, including swelling, creep, and properties changes. 
Analysis of the MARS design has demonstrated how much irradiation swelling can 
alter the structural response. In Figure 2.4.2-3, Irradiation creep and a 
snail amount of swelling (0,01%/dpa) were included with the thermal and pres
sure stresses. The total stress is then plotted at two locations in the 
blanket as a function of the neutron dose. The end of life stresses are much 
larger than at the beginning of life. This also illustrates how important a 
good materials properties data base is, and how difficult scaling can be 
without it. 

These conclusions regarding t'.ie importance of bulk heating In the BCSS 
design assume that the large uncertainties in thermal-hydraulic performance 
can be resolved separately. Because of the importance of bulk heating in 
determining the thermal-hydraulic behavior of the blanket, bulk heating may be 
necessary for thermal-hydraulics experiments. For other designs, such as Che 
MARS reference design, bulk heating is more important in structural testing 
for two reaso-.s: first, surface heating is a much less dominant contributor 
to stres • *s in mirrors (~ 0.1 MW/ra vs. ~ 0.5 MW/raz), and second, the level of 
coolant temperature control available in the BCSS design is not present in the 
MARS blanket, 
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Figure 2.4.2-2 Elastic stress matching using the I-beam model. 

2-29 



STRESS 
(MPil 

• JM " •" ' " ' " ~ MAHS • 

a ^ ^ * ^ 
2M 

2M 

1M 

/ / ^ y a 
jf S 

i n 7LJ-/— / / 
// 

// 
- I I I 1 1 i 

n ii 
O O S E N H ) 

12i 1 U 17S 

Figure 2.4.2-3 MARS blanket and t.?st module stresses with swelling and creep 
included: (a) location of maximum end-of- l l fe stress 
and (b) location of maximum beglnning-of-life s t r e s s . 

4 



The Impact of MHD on t-he themal hydraulics and tnermomechanics of the 
blanket Is pervasive: the velocity profiles have been shown to control the 
structure temperatures, and the uncertainties in the actual velocity profiles 
In the reference tokamak blanket are large enough to close its design window. 
Figure 2.4.2-4 demonstrates the large uncertainties in the first wall tempera
tures using three sample velocity profiles (slug flow, parabolic flow, and 
Couette flow). The actual velocity profiles are unknown and depend on the 
specific design features. The figure also demonstrates the varying degree to 
which bulk heating affects the structure temperatures, depending on the 
velocity profile. 

Because of their Impact on blanket temperatures, it is important to 
preserve the velocity profiles in a eherraoraechanics experiment. This is a 

difficult task because, like the temperatures, the velocity can have large 
entry lengths, in particular for flow parallel to the magnetic field. In the 
reference design, global eddy currents affect the velocity distributions, so 
modelling of the entire blanket is important. This requirement is in 
contradiction with the unit cell appraoach. However, It is believed that 
large global eddy currents must be removed through redesign In order to make 
an attractive tokamak blanket. In this case, the unit cell approach will 
still be valid for composite first wall blankets such as the BCSS design. 

The structural response is governed primarily by geometry. By keeping 
the structural aspect ratios fixed between the reference blanket and the test 
module, the response of the two structures will be similar. Aspect ratio 
scaling is valuable because at reduced surface heat flux, the first wall 
thickness must be increased to retain the thermal stresses. By increasing all 
of the blanket dimensions uniformly, mOBt features of the structural response 
can be maintained. Two cases in which aspect ratio scaling may fail are 
irradiation effects and failure modes: (1) The radiation damage profiles are 
difficult to scale because the neutron mean free path is relatively indepen
dent of geometry. This problem is illustrated in Figure 2.4.2-3, which 
compares the MARS response with the response of a smaller test module which 
has a different damage profile. However, if a method of altering the damage 
profiles ts found, ft has been demonstrated that aspect ratio scaling works 
with inelastic as well as elastic strains. (2) Failure modes, such as crack 
growth or failure at stress concentrations, may depend on the absolute dimen
sions of the structure in addition to aspect ratios. 
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Figure 2.4.2-4 Dependence of coolant temperature profile, first and second 
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Irradiation also has a strong impact on the structural responses. 
Results of Irradiation creep studies indicate: (1) as shown In Figure 2.4.2-5, 
thermal stresses relax due to Irradiation creep over a period of a few months 
(5-10 dpa); (2) the rate of defoliation In the coolant channels due to Irradi
ation creep driven by primary (pressure) stresses appears to be constant; and 
(3) preserving aspect ratios may he a feasible method to retain act-alike 
creep behavior If the damage gradient effect can be overcome. 

Materials Compatibility, (Corrosion) 

Corrosion mass transfer has been studied, with most of the emphasis on 
the dissolution and convection mechanisms, which are most relevant for stain
less and ferritlc Bteel systems. The results show that magnetic field 
strength, blanket temperatures, and fluid residence time are important para
meters to preserve. 

The magnetic field has at least two effects on corrosion: laminarization 
of the flow results In a decrease in corrosion compared Co turbulent flow, 
whereas thinning of the boundary layer (in Hartmann flow) has an enhancing 
effect. (Streaming profiles, which can occur in certain geometries, may have 
an even larger impact, hut this effect has not yet been examined.) Ignoring 
for the moment which effect is larger, it is clear that testing without the 
magnetic field can provide only limited usefulness. In Figure 2.4.2-6, the 
corrosion rate Is plotted as a function of the Hartmann number (which la 
proportional to the magnetic field) using two different assumptions for the 
mass diffusion coefficient. It Is shown that the regime present In the MARS 
design (and in fact for most designs) is controlled by the diffusion 
coefficient rather than the thickness of the boundary layer. This is because 
the Hartmann velocity boundary layer is so thin as to be transparent to 
diffusing species. If the magnetic field Is dropped by an order of magnitude 
or the diffusion coefficient is far higher than expected, then the dominant 
mechanism would change, resulting in a serious lose of Information. 

The analysis for diffusive transport depends heavily on the solubility of 
the corrosion products, which is a very temperature-dependent property. 
Changes in the average temperature as well as the temperature rise along the 
coolant channels will affect corrosion. In order to observe the initial high 
corrosion rate in the channel entrance, the saturation mechanism, and the 
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Figure 2.4.2-6 Dependence of corrosion rate on magnetic field due to 
boundary layer thinning, using two different assumptions 
for the mass diffusion coefficient. 
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final dependence on the temperature gradient, the channel length should not be 
reduced beyond the point where the saturation mechanism has 'iot taken effect. 
In some cases, these competing factors may exist over half of the channel 
length. 

For preserving the temperature rise and the general corrosion behavior In 
shortened channels, a useful parameter to maintain is the coolant residence 
time. It has been shown that by reducing the coolant velocity in proportion 
to the dectease In channel length, that the same corrosion rate profiles can 
be obtained. 

Although diffusion and convection were emphasized in the work done to 
date, it is recognized that Impurity reactions in the structure and primary 
cooling system loop Interactions may be important contributors to the test 
requirements. For modelling the effects of the cooling system> Including the 
beat exchanger, it has been suggested that the ratios of surface areas of the 
hot and cold components in the loop be maintained. 

2.4.2.3 Solid Breeder Blanket Test Requirements 

The primary integrated testing issues for solid breeder blankets are 
thermoraechanical performance, failure modes and tritium recovery. The analy
ses summarized here concentrated primarily on the structural, thermal and 
tritium behavior of the blanket. 

The structure may be divided into the first wall and the breeder region. 
The thermomechanlcal aspects of the first wall are always, a concern, particu
larly in tokamaks where the high surface heating and wall erosion require 
special design features such as grooved walls. Major uncertainties in the 
breeder region relate to the Interaction between the solid breeder and its 
surrounding structure, possibly leading to rupture or deformation. This 
could, for example, reduce tritium recovery through porosity changeE, pressu
rize and contaminate the purge system, or leak tritium or corrosive lithium 
compounds into the primary coolant. In both regions, thermal stresses are a 
major contributor to the overall stress state. Later in life, creep and 
swelling, as well as material properties changes due to radiation become 
significant. 
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Tritium inventory, recovery and perneatIon from solid breeders are uncer
tain in the basic trapping and transport processes undeT fusion environmental 
conditions, and in the effects of radiation and the breeder/structure Inter
action. These processes are very dependent on temperature, purge chemistry 
and breeder nlcrostructure. 

The .first test requirement for both these issues is to preserve the first 
trail and breeder region temperature profiles. If the module heat source is 
reduced (whether based on fusion or auxiliary heating), the most plausible 
approach is to adjust dimensions and coolant flow conditions to compensate. 
Since the temperature profile along the perimeter of high-pressure-retaining 
lobed first walls is Important, it is not possible to arbitrarily change the 
heat source. In particular, both surface and volumetric heating must be 
changed such that their relative importance to the first wall temperature 
profile is maintained. This leads to the constraints indicated in Fig. 2.4.2-
7, where tokamal: nodules (dominated by surface heating) have a minimum and 
mirror modules (dominated by bulk heating) have a maximum surface heating 
requirement. 

If temperatures are preserved, then elastic stress behavior can be pre
served if coolant pressure stresses and structural dimension ratios are addi
tionally maintained. Preserving temperatures requires increasing the first 
wall thickness and channel dimensions as the heat source (surface plus volu
metric) is reduced, and so the first wall width (the lobed first wall radius 
of curvature) must also increase as indicated in Fig. 2,4.2-8. If the width 
Is Increased proportional to the first wall thickness, then the elastic 
stresses are preserved (M = I). However, if there is limited test volume 
available, then It may not be possible to make the first wall as wide as 
desired, leading to appreciable changes in the stress profile (M > 1). Thus, 
a limit on test volume implies limits on the heat source changes In order to 
maintain act-alike stresses. 

A further consequence of Increasing first wall dimensions is that neutron 
attenuation eventually becomes significant and leads to an appreciable varia
tion in flux, and consequently creep and swelling rate, across the first 
wall. for example, an increase in thickness by a factor of four (roughly a 
factor of five reduction in heat source for a tokamak first wall) leads to a 
factor of two variation In flux or fluence across a 1 cm first wall. This can 
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lead to different tlae-dependent stress behavior than would be observed In a 
reactor. 

A third consequence of Increasing dimensions, both In the first wall and 
In the breeder, te that the thermal and flow time scales Increase. This 
Increases the minimum burn time requirements in order to reach thermal equili
brium, but correspondingly increases the tolerable thermal dwell time. 
Ideally, the test should be operated beyond any significant startup transients 
and allowed to settle Into its equilibrium operating node. In practice, this 
might be achievable by single, long pulse burns or a series of pulses main
taining quasi-equlllbrlum conditions for the needed cumulative operating 
time. However, cycling is generally undesirable since it can activate pro
cesses that are not normally significant such as crack growth, thermal ratch
et ting or surface barrier degradation. In addition, cycling may introduce 
uncertainties in interpreting experimental rej'jlts. 

Any alteration in temperature distribution with tiae Is particularly 
important for the solid breeder, where basic processes are not well under
stood. Minimizing thermal variations due to pulsing leads to burn and dwell 
time requirements as a function of neutron wall load (i.e., bulk heating rate) 
as shown in Fig. 2.4.2-9 for the Li20/He/HT-9 layered Sreeder design. Long 
dwell times may be less problematic if the breeder is brought to tritium 
equilibrium during a single pulse. 

The verification of tritium behavior is accomplished by monitoring the 
tritium release rate and final Inventory. Generally, attaining 671 of the 
equilibrium release rate occurs early in the test and can be accurately mea
sured, but 99? recovery or Inventory requires substantial operating tines (see 
Fig. 2.4.2-10). Present calculations ass ing the addition of hydtogen into 
the purge stream indicate that intragranular diffusion is the largest contrib
utor to the total inventory. Consequently, the h^0 ai"J LiAlOj designs will 
probably achieve 67% of the equilibrium release rate within about one minute, 
independent of the neutron wall load. In order to reach inventory equilib
rium, however, total operating times of minutes, days and months are needed 
for Li20, hot LiA102 (over 510°C), and cold tiAlOj (over 350*C) breeder 
designs, respectively. Other processes have time scales on the order of a day 
(solubility, surface adsorption) or months (fluence effects), which will 
increase as the neutron wall load and tritium generation rate decrease. 
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Figure 2.A.2-9 Relation between minimum burn time, maximum dwell time and 
minimum neutron wall load for breeder thermal equilibrium In 
the Li20/He/HT-9 test module. Breeder dimensions are changed 
so as to keep the breeder within the reactor temperature 
limits. 
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Figure 2.4.2-10 Tritium release and inventory behavior after startup in the reference 
LlAlOj/H-O/PCA/Be blanket. Test times to achieve substantial release 
rates (67% of equilibrium value) are relatively short, but equilibrium 
Inventory requires many nonths due to the low diffuaivity of LiAlOj. 



Other scaled test considerations suggest an axial length of 0.5 a is 
sufficient to simulate flow distribution effects under reactor conditions, 
increasing In parallel with other dimensions as the heat source is reduced. 
The module depth must Include the 0,15 m reactor first wall depth, plus at 
least 0.2 m for the breeder in order to breed substantial tritium and to allow 
any Interactions between the high fluence and low fluence breeder regions. No 
detailed evaluation of magnetic field effects waB made, since they are not 
presently believed to be significant (except possibly for transient forces) in 
solid breeder blankets. Nonetheless, the enetgy density of a 5 T magnetic 
field is about 10 MJ/'-i and there are possible interactions through structure 
or corrosion, so thiB environmental condition should not be entirely neglec
ted. 

In summary, it seems Lhat H complete solid breeder module could be tested 
in under 1 m of test volume. There Is a limit to how much the heat source 
(surface and volumetric) may be reduced before several aspects of act-alike 
behavior are lost. Furthermore, since there are many basic uncertainties in 
solid breeder tritium recovery, pulsing should be minimized. 

Finally, it should be noted that there ate many phenomena and interac
tions that were not considered. These Include specific structural failure 
modes related to plastic bthavior or crack growth in the first wall, the 
breeder/structure interaction, and fluence effects. Thus, these results 
should be considered as optimistic with respect to the test requirements. 

2.4.3 Failure Modes 

First wall/blanket structures are subjected to high temperature, large 
thermal gradients, coolant pressures, dead weight loads, corrosive environ
ments, and severe radiation. The interaction of thermal stresses, thermal 
creep, irradiation creep, and swelling will result in complex time, tempera
ture and neutron fluence dependent stress histories in first wall/blanket 
components. The interaction of these phenomena can cause failure. Cyclic 
operation, which may be present in some reactors, can also enhance failure. 
The effects of temperature gradients and neutron spectrum can produce differ
ential swelling and irradiation creep resulting in excessive stresses in the 
first wall/blanket that can lead to failure. 
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Swelling can cause stresses In the component by three different 
•ethods. First, differences In the swelling rate for different parts of the 
structure, caused by flux or temperature gradients, can result in increased 
stress (similar to thermal gradients producing thermal stresses). Second, 
overall constraint of the component may not allow swelling stresses to be 
relieved by expansion; if swelling stresses are high, buckling or crippling of 
the component can occur. Third, stresses can be imposed on the component by 
differential swelling rates between different materials. If one material 
swells at a higher rate, It will exert a force on the structure which could 
produce local crippling or buckling of the component. Irradiation creep will 
help to relieve swelling stresses resulting from these three sources. How
ever, at end-of-burn or shutdown these stresses will reverse and could cause 
cracking. On a cyclic machine, this stress reversal say result in a shorter 
design life. 

Distortion of components can result from both primary and secondary 
stresses. Primary stresses are those stresses which result from mechanical 
loadings such as coolant pressure, vacuum loading, and electromagnetic 
loads. Secondary stresses are those stresses which result from thermal grad
ients, swelling, and creep. the effects of these stresses are enhanced by 
cyclic operation. Swelling is the moBt likely source for causing excessive 
deformation of the component. Excessive deformation can lead to failure of 
the component or cause problems for removal of the component. 

Wall loading will have a large effect on determining the critical failure 
mode of a first wall/blanket. Based on stress histories and associated frac
ture mechanics analysis, life at low wall loadings is controlled by stresses 
during the plasma burn. At higher wall loadings, life is controlled by resid
ual stresses present during the non-burn period. The primary failure mode in 
either case is likely to be flaw growth to coolant leakage. 

The most likely location for a failure in the first wall/blanket is at a 
point of stress concentration. Stress concentrations will occur at abrupt 
changes in the cross section, at discontinuities in the material itself, and 
at cracks that may be present in the structure. The magnitude cf the 
Increased localized stress at a point (stress concentration) is dependent on 
the internal state of the metal, state of stress, stress gradient, tempera
ture, and rate of straining. Often, large stresses due to stress concentra-
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tlons are developed In only a small portion of a member. In cases where this 
stress is highly localized, a mathematical analysis is difficult or impract
ical. Therefore, experimental or numerical methods of stress analysis are 
used. Because of the difficulty in predicting these stress concentrations, 
testing will be beneficial in locating areas of stress concentrations and will 
also build confidence in the design. 

Swelling of the first wall/blanket will Increase stresses at discontin
uities by changing the state of stress and stress gradients. Thermal grad
ients will produce thermal stresses at the stress concentration. In addition 
to thermal stresses, thermal gradients will produce differential swelling 
stresses. Therefore, a fusion environment will moat likely increase stresses 
which, in turn, will decrease life. 

In addition to the bulk damage effects (irradiation creep and Swelling) 
resulting from an Irradiation environment, the first wall will be subjected to 
damage from charged particles, neutrons, neutral particles, and electromag
netic radiation. These will cause sputtering of particles from the free 
surface, blistering by implantation and transmutations. Erosion of the first 
wall structure will cause Increased primary stresses which can lead to unsta
ble failure. 

The likelihood of occurrence from these various failure modes was estab
lished for a matrix of four reactor types. The four reactor types considered 
were a steady state tokamak, a steady state mirror machine, a pulsed tokamak 
with a moderate wall loading, and a pulsed tokamak with a high wall loading. 
The four blanket concepts considered were representative of those examined by 
the Blanket Comparison and Selection Study. 

The failure modes established for the first wall/blanket are shown in 
Fig. 2.4.3-1. These failure modes were ranked by likelihood of occurrence for 
each reactor type and first wall/blanket concept. The failure modes and 
rankings were reviewed by the fusion community at the "Materials Testing 
Workshop for the EPRI Assessment of Neutron Requirements and Potential Sources 
for Fusion Development Project" and by members of FINESSE and the Blanket 
Comparison and Selection Study. 

Based on these failure modes, a list of critical issues relating to 
failure modes and structural response of the first wall/blanket was 
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Figure 2.4.3-1 Likelihood of occurrence for various failure modes. 



established. These Issues were classified by design specificity and overall 
level of concern and are shown in Table 2.4.3-1. 

The top-ranked issue, "Effect of First Wall Heat Flux and Cycling on 
Fatigue or Crack Growth Related Failures," has a critical level of concern 
because as wall loading is increased, thermal stresses will Increase and 
therefore life will decrease. If life is greatly decreased, the design window 
could he seriously impacted. 

Although cracking around a discontinuity/weld is the most likely failure 
mode, it was ranked as the second most Important issue. Failure of a weld has 
a high level of concern but is not critical because if a failure occurs, the 
design can be changed to reduce stresses at that location. On the other hand, 
if the first wall heat flux is higher thar. expected, a design change may not 

significantly Increase life of the first wall. 

The objective of subscale testing of the first wall/blanket is to predict 
the response of a full-scale component in a radiation environment. From the 
defined failure modes for the first wall/blanket, subscale component tests can 
be defined. These tests will be "act-alike" test specimens, rather than 
"look-alike" test specimens. To avoid design tradeoffs, generic designs will 
be used to define the subscale tests. 

Detailed structural analyses will be performed to Identify Irradiation 
levels which will yield useful engineering data. The response of the teat 
specimen to an irradiation environment will be predicted. Through testing and 
correlation of results to predictions, the method of analyses used to predict 
the response of the first wall/blanket can be verified. 

Subscale testing will also reveal any potential failure modes which were 
not considered in the design and analysis of the teat article. That is, if 
the test article falls by a different mechanism than predicted, then analysis 
methods need to be revised to incorporate test results. Therefore, subscale 
testing will reveal these unpredicted failure modes and, in addition, help to 
build confidence in the design. 
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Table 2*4.3-1 Sutmary of Issues for Failure Modes 
and Structural Response 

Issue 
Design 

Specificity 
Level of 
Concern 

1. Effect of first wall heat flux and cycling on 
fatigue or crack growth related failure 

Generic/ 
Tokanak 

Critical 

2. Cracking around a weld Generic High 

3. Hot spots leading to failure Generic High 

4. Interaction of primary stresses, secondary 
stresses and deformation Generic High 

5. Effect of swelling, creep and thermal 
gradients on stress concentrations 
- Response of grooved surface concepts 

Generic/ 
Design 

Medium 

6, Failure due to shutdown residual stress 
effects 

Generic Medium 

7. Interaction between surface effects and first 
wall features 

Generic Medium 

fl. Mechanical wear and fatigue from flow-Induced 
vibrations 

Generic Medium 

9. Environmentally assisted cracking Generic Low 
10. Self welding of similar and dissimilar metals Generic Low 
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2.4 A Fluence Goals 

One of the specific objectives of FINESSE Is to quantify the testing 
requirements needed to develop reliable fusion components. One of the major 
parameters which mist be quantified In these testing requirements Is neutron 
fluence. In a typical development scenario for components, tests of the 
component In both typical and off-normal environments out to, and In some 
cases, beyond Its design goal life would be desirable. However, the very high 
cost of performing these tests in a fusion-like neutron spectrum forces recon
sideration of such an approach for fusion reactor component development. 

In considering fluence goals for a testing program, it Is necessary to 
identify what information is learned with Increased fluence in nuclear experi
ments. Also, due to the cost tradeoffs Involved In the development of a 
fusion test facility, the question of what risk must be assumed If nuclear 
testing were not performed on selected issues associated with a given compo
nent must be addressed. The answers to these Questions at present must rely 
upon available materials properties data, present knowledge of neutron fluence 
effects on materials, and engineering judgement. 

The following approach for identifying neutron goal fluences has been 
applied In FINESSE. The four specific blanket concepts mentioned earlier wer 
considered. The major material properties impacted by neutron fluencc were 
identified and their anticlps*ed behavior ranges with fluences were deter
mined. A method of performing uncertainty projections was then used to asBess 
how the uncertainty for a given material property at the end of life decreased 
as a function Of test neutron fluence. The method of uncertainty projections 
was then extended to interactive effects experiments assuming that the 
uncertainty associated with the interaction, was directly related to the 
uncertainties associated with the major properties of materials Involved in 
the Interaction. This approach was then applied to the key Issues associated 
with the blanket component's structure In order to assign flu--nee goals for 
these key issues. 

To assess the importance of neutron fluence on component performance, it 
Is first necessary to understand how the major material properties change with 
neutron fluence. Our present understanding in this area Is based predomi
nantly upon materials testing In fission reactors. Limited data are also 
available from Irradiations in ion sources and the low fluence fusion neutron 
source, RTNS-II, In general, the fluence dependence for many material 
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properties can be divided Into two regimes: 1) a transient regime where the 
material property Is constantly changing with fluence, and 2) a steady-state 
or saturation regime where the material property is either changing at a 
constant rate or not changing at all. For example, swelling of the structural 
materials typically exhibits an incubation period prior to the onset of swel
ling. After this incubation period, the swelling behavior then undergoes a 
transient regime until the steady-state swelling rare ie achieved. At 
present, no swelling has been observed In the structural materials being 
Investigated in FINESSE. Based upon limited fission reactor irradiat JOT. data, 
It is anticipated that the Incubation fluence for these structural materials 
will be in the following ranges: 5-8 WW«yrA»2 for PCA and > 10 MH •yr/m2 for 
the HT-9. At present, the swelling in V-15Cr-5Ti Is expected to be similar tc 
that of HT-9. 

In an attempt to quantify the information gained as a given material 
property is tested to higher and higher fluences, the concept of uncertainty 
projections was developed. Given a fluence-dependent model and hypothetical 
results from a specific materials testing plan, the uncertainty In a given 
property can be extrapolated to some goal fluence. By requiring these extrap
olations to also be consistent with the hypothetical results up to some peak 
fluence, the reduction in the material property uncertainty at the goal 
fluence can be quantified as a function of testing fluence. 

This approach was applied to the properties of materials being considered 
in FINESSE. In general, the uncertainties in key properties associated with 
the strength and fracture behavior of the structural materials are resolved 
after neutron testing In the fluence range of 3-5 fW«yr/in , For creep In the 
structural materials, the uncertainty projections are dependent upon the goal 
fluence urJer consideration. Specifically, If the goal fluence is < 10 
MW-yr/m , than the swelling behaviors of HT-9 and V-I5Cr-5Ti are not an Issue, 
and the uncertainty in creep Is significantly reduced after measurements are 
performed in the neutron exposure range of 1-3 MW«yr/m . If the goal fluence 
under consideration is 20 HH»yr/ra , then the projected uncertainties for creep 
and swelling remain large until measurements jre performed after the onset of 
swelling. The method of uncertainty projections assumes that for a given 
testing program the most Information Is gained on the material property when 
testing In the transient regime and that once the steady-state or saturation 
regime is reached, the Importance of further neutron testing Is reduced. 
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It Is Important to remember that these observations are based upon mate
rial behavior in a fission neutron environment for neutron fluences less than 
those anticipated in a commercial fusion reactor. Limited data suggest that 
the fusion environment may alter the material behavior with fluence, and these 
material property changes may be different than those observed or anticipated 
based upon our fission reactor experience. Also, the concept of saturation in 
a material property behevior beyond a certain fluence may change as testing is 
extended to higher fluence* 

The major enphasla in FINESSE has been on interactive effects. The 
general nature of the interaction is dependent upon the material properties 
responsible for the interaction, and fluence dependence for the interaction is 
related to the fluence dependence of these material properties. The specific 
interaction, however, will in general be very * .sign dependent. In consider
ing the fluence dependence of the individual material properties, one can 
identify the major material properties which are changing with fluence and 
have a significant impact upon the interaction. For example, consider the 
mechanical interaction between the solid breeder and the HT-9 cladding In the 
HT-9/Li20/He blanket concept. The changes in several of the key properties 
with neutron exposure arc given in Fig. 2.4.4-1. The swelling in Li 20 is the 

MECHANICAL INTERACTION BETWEEN SOLID BREEDER AND STRUCTURE 
H W U j O / H . BLANKET CONCEPT m , r a c E I D P . . 

EQUIVALENT NEUTRON EXMMUIIL (MW.yr/mij 

Fiffure 2.4.4-1 Fluence dependence for several of the key material 
properties associated with the mechanical interaction 
between the Li,0 and HT-9 cladding. 
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major material property responsible for the Interaction. Thermal expansion 
and cracking/redistribution of the Li 20 also playe a role in this Interaction, 
primarily in the early operation of the component (i.e., in the neutron 
exposure range of 0-0.2 MW«yr/m2). After a neutron exposure of ~ 2 WW«yr/m , 
most of the strength and fracture property changes have saturated, and the 
aajor properties responsible for the Interaction are the balance between Li 20 
swelling and che creep of Li20 and HT-9 (not shown In the figure). After a 
neutron exposure of 10 MW»yr/m , HT-9 swelling becoaes Important. Specific 
interactive effects tests will not be defined until the second year of 
FINESSE. However, the key issues defined this year can he considered to 
assess the general fluence goals required to understand their Inherent 
Interactions. 

In an attempt to quantify the information gained in Interactive testing 
as a function of testing fluence, the method of uncertainty projections was 
extended (see Chapter 8). This approach was used to identify fluence goals 
for the general key issues for the blanket structure which were identified by 
FINESSE. This approach assumes that the uncertainty associated with an inter
active effect is directly related to the fluence uncertainties associated with 
the major material properties involved in the interaction. As an example of 
this approach, consider the mechanical Interaction between the I^O solid 
breeder material and the HT-9 cladding for the HT-9/Ll20/He blanket concept. 
The key material behaviors pertinent to this interaction are Li 20 thermal 
expansion, cracking/redistribution, creep and swelling, and HT-9 creep and 
ductility (if the goal fluence Is 10 MW.yr/m2). Uncertainty projections were 
performed for each of these properties and are combined in Fig. 2.4.4-2. Also 
shown in Fig. 2.4,4-2 is the absolute value of the derivative for this com
bined uncertainty. The fluence regions where the combined uncertainties are 
changing the fastest also represent the fluence regions where the rate of 
information gained from testing is the fastest. These regions are reflected 
as relative maxima in plots of the absolute value of the derivative of the 
combined uncertainties. Specifically for the mechanical interaction between 
the Li20 solid breeder and HT-9 cladding, nuclear experiments out to ~ 0.2 
MR-yr/ra2 yield most of the information concerning the impact of LijO thermal 
expansion and cracking/redistribution on the Interaction. Nuclear testing in 
the 3-5 MW-yr/a2 fluence range yields most of the information concerning the 
remaining facets of the Interaction. 

2-52 



1 1 • 1 1 r 
MECHANICAL MTHtACTION tETWEEN SOLID MEEDEn/ 
MULTHHKR AMO STRUCTURE 

n KT-t/U^VH* 
— COMBINfO UNCMTJUNIY 
_ - _ _ OMIVATIVE 

1 

- » i 

s 
Ml 

2 
a 
c 
* 

• 1 
s 

MAXIMUM TESTING FLUENCE <MW«yr/m*> 

Figure 2.4.4-2 The fluence dependence for the combined uncertainty associated 
with the material properties associated with the mechanical 
interaction between the Li-0 and HT-9 cladding. Also shown is 
the absolute value of the derivative of the combined uncer
tainty which provides a qualitative measure of the testing 

- benefits per unit of testing fluence. 

This approach has been applied to the key issues for the HT-o/L^O/He 
blanket concept, and the results are summarized in Table 2.4.4-1 for those 
issues relating to the structure. The results of the analysis have suggested 
that the goal fluences required to resolve these issues are typically in the 
range of neutron exposures corresponding to 1-5 MW«yr/m if the application of 
the component is for a goal life of 10 MW«yr/m (i.e., below the projected 
onset of significant swelling in the structural alloy WT-9). If the final 
application of the component Is for a goal life which is comparable to or 
beyond the fluence at which swelling in the structural material becomes a 
major property in the interaction, then the goal fluence for component testing 
would be ~ f.-i MW'jrr/mZ beyond the onset of swelling If all uncertainties 
associated with the interaction are to be addressed. 
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Table 2.4.4-1 Neutron Fluence Goals for HT-9/Li20/He Concept 

Issue Major Material Properties 
Fluence Goal 
(Mw.yr/o2) 

Changes In properties and 
behavior of materials 

(All naterlal properties 
pertinent to design) 

(See Chapter 8 
for specimen 
fluence goals) 

Mechanical Interaction 
within the structure Itself 

HT-9: thermal differential 
expansion, fatigue/crack 
growth, ductility, swelling8 

3-5; (16-20)8 

Plasma-structure Interaction — — 
Premature failure of welds 
In full components 

HT-9: thermal differential 
expansion, fatigue/crack 
growth, ductility, swelling8 

3-5; (16-20)a 

Coolant-structure Interaction •""" — 
Magnetic field interaction 
with structure 

HT-9: ductility, fracture 
toughness, fatigue/crack 
growth, creep 

3-5 

Mechanical interaction 
between solid breeder/ 
multiplier and structure 

HT-9: ductility differential 
expansion, fatigue/crack 
growth, ductility, swelling3 

3-5j (16-20)3 

^Testing fluence goal required if data to be applied to design with goal life 
> 20 MW-yr/ra2. 
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2.4.5 Weutronlca Testa 

Integrated teats performed In a fusion test device and aimed specifically 
at verification of neutronlcs methods and data require specialized modules. 
In contrast to issues such as thermomechanlcal behavior, in which look-alike 
test modules are least useful under scaled down conditions, neutronics verifi
cation tests require that, and are most useful when, the test module Is as 
close to a look-alike as possible. Therefore, neutronlcs tests have been 
treated separately from other types of tests. Notice that other types of 
blanket tests (e.g., therraomechanical, tritium recovery) have their own 
teutronics considerations concerning simulation of bulk heating, tritium 
production, etc. to simulate the act-alike behavior that are different from 
those aime-i specifically at neutronics verification tests which are considered 
in this subsection. The former haB been treated in the context of the act-
alike tests. 

Neutronics testing In a fusion test device will involve several types of 
measurements such as source neutron yield, tritium production rate, neutron 
and gamma-ray spectra, heating rates during operation, activation and after-
heat. The requirements for neutronics testing fall within two categories: 
(a) test device operating conditions and (b) test module conditions. The 
fusion test device conditions include parameters such as the wall load, 
fluence, and pulse length. The test module conditions are those related to 
the test module material and configuration, surface area exposed to neutron 
field, minimum size requirement for optimal testing, and requirements on the 
test module boundary conditions and geometrical arrangement. 

2.4.5.1 Test Device Operating Condition Requirements 

From instrumentation considerations, all neutronics parameters except 
Induced activation can he measured in one of two fluence modes: either the low 
fluence node (~ J MW»s/m ) or the very low fluence mode (-* 1 W.s/m ) . The low 
fluence mode can be achieved, for example, with a wall load of 1 MH/m and 1 s 
plasma burn time or, alternatively, 0.01 MW/m and 100 s. Thus, neutronics 
teBts Impose only modest requirements on the product of the wall load and 
plasma burn time with no stringent requirements on the magnitude of either 
parameter since the neutronics parameters, except induced activation, vary 
linearly with both the wall load and operating time. Notice, however, that 
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much larger fluences than those considered here will require the use of dif
ferent, less accurate, measurement techniques. 

Operating the test device In the very low fluence mode le most suitable 
for measuring tritium production from LI, gamma-ray heating, neutron and 
gamma-ray spectra. The main problem associated with the low fluence operating 
mode Is the activation of the test module and device components which may 
render the test device Inaccessible just after shutdown. This will necessi
tate a long cooldown time to handle the reactor components. On the other 
hand, the main problem related to the very low fluence operation mode is the 
poor resolution and instability of measurements. The methods used for mea
surements in the lew fluence mode have better accuracy and spatial resolution 
as compared to those used in the very low fluence operation mode. For source 
characterization and neutron yield, which is viewed as a part of the plasma 
diagnostics, measurements can be undertaken in both operation modes. The 
methods that can be used to measure various parameters under various operating 
conditions are summarised in Table 2.4.5-1. 

2.4,5.2 Test Module Requirements 

The requirements on the test module size and geometry are governed mainly 
by the objective and the procedure for the particular neutronics test under 
consideration. If a local measurement of tritium production is intended, for 
example, then the only useful information that can be obtained from such a 
neutronics test Is to verify the consistency between analytical prediction and 
experimental measurements. Resolving the question of the adequacy of the 
nuclear data base can be better achieved in a simple benchmark experiment. 
However, to improve the analytical prediction and to identify the various 
sources of uncertainties, one would proceed from a geometrically simple bench
mark experiment utilizing -> point source to a more complicated one involving a 
volumetric plasma source In a. fusion test device. 

On the other hand, if the objective of the neutronics test is to verify 
an integrated parameter In a given blanket concept such as the tritium breed
ing ratio (TBP), the test module used in this experimental planning approach 
should duplicate in great detail the actual blanket module. Verification of 
achievable breeding ratio requires also that factors that affect the global 
TFR, such as actual penetrations for heating and fueling, full coverage 
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Table 2*4,5-1 Fluence Requirements for Various Experimental Techniques 

Integral Parameter 

2 1 mUs/m 
Fluence Requirement (normalized to wall load) 

1 Ws/mZ 1 kWs/m2 1 MWs/n2 

Integral Parameter Integral Parameter 

-Neutron yield 

Tritium Production Rate 

Heating 

Reaction Rate 

Neutron Spectrum 

Gamma Spectrum NE213 

NE213 Fission chamber . MFA -Neutron yield 

Tritium Production Rate 

Heating 

Reaction Rate 

Neutron Spectrum 

Gamma Spectrum NE213 

Liq̂ . sci. (6) 

-Neutron yield 

Tritium Production Rate 

Heating 

Reaction Rate 

Neutron Spectrum 

Gamma Spectrum NE213 

Li glass Gas counter CB) ' 

-Neutron yield 

Tritium Production Rate 

Heating 

Reaction Rate 

Neutron Spectrum 

Gamma Spectrum NE213 

*" Mass spec* . 

-Neutron yield 

Tritium Production Rate 

Heating 

Reaction Rate 

Neutron Spectrum 

Gamma Spectrum NE213 

Prop, counter 

-Neutron yield 

Tritium Production Rate 

Heating 

Reaction Rate 

Neutron Spectrum 

Gamma Spectrum NE213 

Gas filled 
counter TLD Calorimeter 

-Neutron yield 

Tritium Production Rate 

Heating 

Reaction Rate 

Neutron Spectrum 

Gamma Spectrum NE213 

^ctlvatlon foil 

-Neutron yield 

Tritium Production Rate 

Heating 

Reaction Rate 

Neutron Spectrum 

Gamma Spectrum NE213 

Fission chamber 

-Neutron yield 

Tritium Production Rate 

Heating 

Reaction Rate 

Neutron Spectrum 

Gamma Spectrum NE213 

Mass spec. 

-Neutron yield 

Tritium Production Rate 

Heating 

Reaction Rate 

Neutron Spectrum 

Gamma Spectrum NE213 

NE213 proton recoil , MFA 

-Neutron yield 

Tritium Production Rate 

Heating 

Reaction Rate 

Neutron Spectrum 

Gamma Spectrum NE213 

•For counter methods, the measuring time Is assumed to be 10 ~ 100 s. 



geometrical arrangement, and presence of Che impurity control aystea, be 
included in the fusion teat device. This is an Important point of concern 
since extrapolating the results of Measuring the local tritium production rate 
(TPR) in a partial coverage case to demonstration or commercial reactor TBR 
involves many uncertainties. These uncertainties arise from: a) uncertainty 
in specifying the neutron source condition at the first wall of the test 
module, b) uncertainties in predicting (by calculation or measurements) the 
energy-dependent angular flux at the test module boundaries, c) uncertainties 
in extrapolating the effects of penetrations and other configurational 
features of demonstration or commercial reactors that cannot be easily repro
duced in a fusion test device. Since the estimated margin in TBR for candi
date blanket concepts is small, very high accuracies In measurements are 
required, and these sources of uncertainties need to be carefully evaluated. 

In a fusion test device, the test area at the first wall is limited by 
considerations of cost. Hence, a near-full-coverage blanket for neutronics 
verification tests is obviously not practical. Therefore, the neutronics 
analysis has focused on examining the usefulness of neutronics test Informa
tion as a function of the test module size. In addition, an effort to improve 
the usefulness of test information from a given size test module has been 
attempted. Variables considered in such an Improvement Included: 1) the 
details of material and geometrical arrangement within the test nodules, and 
2) the conditions at the test module boundaries which are sensitive to factors 
such as the material and dimensions of tb** "refJective" region surrounding the 
test module. Examples of results and conclusions on tritium breeding test 
modules are summarized below. 

The surface area of the test module at the first wall can be character
ized by two dimensions in a fusion device which Is approximated by a cylin
der. The first parameter is the magnitude of the maximum poloidal angle, 6 , 
subtended by the test module. The second is the maximum width, L_, of the 
test module in the axial direction of the device. The importance of 9 and L_ 
was examined separately by two 2-D models. The first is an R-9 geometry, 
shown in Fig. 2.4.5-1, where R refers to the minor radius of the plasma. The 
second is an R-Z model, shown in Fig. 2.4.5-2, where Z is the axial direction 
for the plasma along which Lfl is measured. 
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3 I (R-6) Model 
(Vacuum) 

I I 
DC 

PoloicM R*ftecttea IMgton 
(FW+5cm H»i<»r+10cmSlS.) 

Radius (cm) 0 15 25 31 

=24 c 

73 95 125 
Reflective Boundary 

Figure 2.4.5-1 The (R-S) geometrical model used to examine the 
pololdal boundary condition. 
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m 0 15 25 31 
Ratiacliv* Boundary 
73 95 125 

Figure 2.4.5-2 The (R-Z) model used in the 2-D ca lcula t ion . 
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Figure 2.4.5-3 shows the variation In the local tritium production rate 
(sun of Tg and Tj) as a function of the pololdal angle 0 at three locations 
on the central line of the teat Module. The values shown are normalized to 
the corresponding values in the full coverage case. Also shown In this figure 
is the maximum percentage deviation Of the tritium production rate at 9 /2 » 
5° and at 10° from that at the central line. This deviation depends on the 
width of the test nodule, which is characterized by the angle 9 , and on the 
location throughout the test module, e.g., top or middle, as shown in Fig. 
2.4.5-3. The information contained in this figure is used to specify the 
minimum test module width (0 ) that is required to obtain a tritium production 
rate at a given location inside the test module which Is within a desired 
target percentage of the corresponding value in the full coverage case. For 
example, if the local tritium production rate at the front edge of the test 
module central line Is required to he within 5% of the corresponding value of 
the full coverage case, the width of the test module should be the one that 
corresponds to either 6 - 22° (-5% deviation) or 0 - 48° (+5X deviation). 

ra m 
If measurements were to be performed at the back-edge of the t e s t module 
central l ine , the corresponding values would be 6 = 48° or 72° for the same 

m 
target accuracy. The situation is different at the middle location where a 
test module width that corresponds to 0 « 55° would give a 5% target accur— 

m 
acy. In addition to this prescribed deviation, It Is necessary to add the 
incremental contribution that comes from performing the measurements within 
the spatial zone characterized by the angle 6 . 

Similar curves that specify the minimum test module size in the R-Z 
geometrical model are shown in Figs. 2.4.5-4 and 2.4.5-5 for the cases where 
the plasma length is L « 160 and 320 cm, respectively. In this geometrical 
arrangement, the test module width is characterized by the parameter 1^ while 
the test module-central zone where measurements are most likely to be per
formed Is characterized by the parameter L-. For the case with L = 160 cm, 
the tritium production value at the front-edge of the test module is less than 
80% of the corresponding value tn the full coverage case and the situation even 
worsens as the test module width, L m, increases. However, for the case with a 
plasma length L = 320 cm, the tritium production rate at the front-edge of 
the test module is within 5% of the corresponding value in the full coverage 
case provided the test module width is either L = 50 cm (+52 deviation) or l^ 

• 150 cm (-52 deviation). For the former case, one should add ~ 3.4% 
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Pololdjl Uidth of the Test Module, e («eg) 
(R-a Polotdil Geometry) 

Figure 2.4.5-3 The total tritius production rate (Tg + T;) as a function of the test 
module width (0m). Also shown Is the deviation 1%) from central values 
as a function o£ the teat nodule width for two central 2one widths, 
3 t - 10° and 20°. (R-<=> geometry) 



Toroidal Width of the Test Module, Lm Ion) 
(R-Z Toroidal Geometry. Plasma Length = 160 cm) 

Figure 2.4.5-4 The to ta l t r i t ium production r a t e (Tg + T7) as a function of the t e s t 
module width (1^). Also shown i s the deviation (%) from the cen t ra l 
values as a function of the tea t module width for two cent ra l zo-e widths, 
L t = 20 and 40 cm in the case of plasma length L_ - 160 cm. 



I I) it 

Toroidal Uidth of the Test Module, L m (cm) 
CR-Z Toroidal Geometry, Plasm length L = 320 cm) 

Figure 2.4.5-5 The total tritium production rate (Tj + T7) as a function of the test module 
width (LQ) . Also shown is the deviation (SO from the central values as a 
function of the test module width for two ceutral zone widths, L t = 20 and 40 
la the case of plasma length L - 320 cm. 
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deviation (total ~ 8.4X) if measurements were to be carried out within Che 
central cone of 1 £ • 40 CM at that location. 

There are several serious problems concerning the usefulness of TBR 
verification tests in a fusion test device with a test aodule that partially 
covers the plasma source. To Illustrate some of these problems, Pig. 2.4.5-6 
shows the integrated values of tritium production rate In various segments of 
the test module (characterized by the parameter t B) and the overall tritium 
breeding rate as function of the test module width. Curves are shown for both 
the R-© and the R-Z arrangements. The values shown in this figure are normal
ized to the corresponding values in a volume equivalent to the test nodule 
volume in. the full coverage case. In all the cases shown, the total tritium 
breeding ratio in the test module Is significantly smaller than the corre
sponding value In the full coverage case. The uncertainties Involved in 
extrapolating the tritium oreedlng measurements In a test nodule to an achiev
able net tritiun- breeding ratio in a full-scale reactor are greater than 
presently estimated margins in the tritium breeding potential for candidate 
blanket concept. 

The neutron!cs analysis leads to two particularly important conclu
sions. First, blanket neutronlcs measurements In a test module in any fusion 
facility, while useful, do not provide the level of accuracy necessary for 
neutronlcs verification, particularly resolving the Issue of the achievable 
trltluc breeding ratios. Thus, tteutronics measurements do not by themselves 
provide strong justification for e fusion test facility, but such measurements 
are useful to perform if such a test facility is justified by the other 
reasons discussed elsewhere in this report. Second, the problem of demon
strating DT fuel sufficiency prior to constructing a full-scale reactor 
requlies further derailed evaluations. 

2.4.6 Test Matrix Considerations 

The formulation of a detailed test matrix to help define a test plan that 
Includes facility requirements, cost and schedule will take place primarily 
during the second year of FINESSE. A brief summary of only the trends In the 
required testing area and volumes is given here. The role that test matrices 
will play In the development of quantitative facility requirements is 
described in Chapter 9. 
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Figure 2.4.5-6 Total tritium production rate integrated over various spatial segments 
and the overall tritium breeding rate as a function of the test module 
width (!„ or 6,,,). 



Test matrices In general are simply lists of test types or experiments 
along with Information Important to the test engineer and/or test facility 
designer. In FINESSE, the teat matrix will perform a slightly different role 
since the "fusion facility" In which the testing Is being considered has not 
yet been designed* For this study, the test matrix will be developed In 
parallel with the design of testing hardware and handling scenarios. Since 
the development of the test handling and operational considerations requires 
knowledge of the irradiation facility, this will be based on past testing 
experience from fission reactor, accelerator, and test-stand testing, along 
with a general understanding of typical mirror and tokamak facility features 
such as those described in Chapters 13 and 14. Figure 2.4.6-1 illustrates the 
manner in which test matrices will be utilized in FINESSE. 

Test Matrix Trends 

The first step in compiling the test matrix has been to estimate the 
overall Irradiation testing area (first wall area) and volume from the data 
provided in Chapter 4 on testing needs. While this information is prelimi
nary, it provides valuable Insights into trends In the testing requirements 
and into the amount of irradirtlon space that will be required for fusion 
research and development. Results of an initial estimate of irradiation 
testing area and volume are lasted in Table 2.4.6-1. 

FY1984 T" 
I 

FY1985 

TESTING 
ISSUES 

TEST 
TYPES 

I 
— - 3 1 

TEST 
HARDWARE 

TEST 
MATRIX 

HANDLING & 
OPERATIONS 

TESTING 
ISSUES 

TEST 
TYPES 

I 
— - 3 1 

TEST 
HARDWARE 

TEST 
MATRIX 

HANDLING & 
OPERATIONS 

1 _ . » — — 
FACILITY 

REQUIREMENTS 

Figure. 2.4.6-1 The role of the test matrix in defining fusion 
facility requirements. 
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• ' # * ! % 

Table 2.4.6-1 Preliminary Summary of Test Area (• ) and Volume (nr) Needs3 

teat Area Volume 

Blanket (50-100)° (40-60)b 

Plasma Interactive components 1-2 < 1 

Shield (10-20>c (20-30)c 

Tritium processing system 1-2 1-2 
Magnets < 1 < 1 

Instrumentation and control < 1 < 1 

Balance of plant — — 
Component Interaction — — 

^able includes only those areas and volumes that have been quantitatively 
defined to date and do not Include duplicates for reasons such as statistics. 
"Mot all these testB have to be performed simultaneously. 
cUses the same wall area as that of the blanket. 

The area and volume ranges shown in Table 2.4.6-1 were based no the data 
listed in Chapter 4 along with judgement from breeder reactor and fusion 
materials irradiation testing experience. Table 2.4.6-1 represents tbe space 
that lr" required for the total, time-integrated testing program. The space 
requirements are, therefore, not those required in a given reactor at a given 
tine but rather represent the overall space integrated over the test program 
duration. This is discussed in more detail in Chapter 9, 

The conclusion drawn from Table 2.4.6-1, while preliminary, points to the 
need for a considerable amount of irradiation testing space for fusion 
research and development. 

The utilization of non-fusion Irradiation facilities will only satisfy 
~ 10Z of the area requirements and < 5Z nf the volume requirements. While 
these percentages are small in terns of total volume or area, they represent 
Irradiation space that will be used in the near term to test large numbers of 
small specimens used in basic and single-effects tests. 
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The Irradiation space discussed In this suaury Is preliminary and will 
change as the details of testing are developed* During the second year of 
FINESSE, each experiment type will be Studied and appropriate conceptual 
design features and handling scenarios developed. The priorities of experi
ments and considerations of test schedule and requirements for duplication 
will be evaluated. Based upon the information from this effort, the required 
testing area and volume and other Implications on the test facility, e.g., 
access, will be quantified. 
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2.5 Non-Fusion Facilities 

2.5.1 Introduction 

Non-fusion facilities can and should play an inportant role in fusion 
nuclear technology research and development. Many suitable facilities are 
available with a well established operational procedure and at a reasonable 
testing cost. The uae of non-fuaion facilities for single-effect and some 
multiple-Interaction testa will provide a cost-effective neans for narrowing 
materials and design concept options. In addition, the Information from such 
non-fusion experiments will be valuable in reducing costs and risks of the 
more costly and complex integral tests. However, non-fusion testing alone 
cannot satisfy all the nuclear technology experimental needs. This section 
summarizes the results of evaluation of the capabilities and limitations of 
non-fusion test facilities: non-neutron test stands (Section 2.5.2), point 
neutron sources (Section 2.5.3), and fission reactors (Section 2.5.4). 

2.5.2 Non-Neutron Test Stands 

During Its first year, the effort In FINESSE has focused primarily on 
neutron-producing non-fusion and fusion facilities. This emphasis la due to 
the large cost and complex technical and programmatic lBSues associated with 
neutron-producing facilities. However, the identified issues and testing 
needs clearly indicate :hat non-neutron test facilities can and should serve, 
now and in the immediate future, an important role In fusion nuclear technol
ogy research and development. 

The role of non-neutron test stands Is In the areas of basic property 
data, single-effect experiments, and some of the multlple-effect/nultlple-
lnteractlon tests for which the neutron field is not important. Examples are 
mechanical properties and corrosion of unirradiated structural materials, 
sputtering of plasma-side material surlaces, and some liquid metal MBD experi
ments. The cost of non-neutron experiments and facilities is generally much 
lower than those Involving neutrons. Therefore, information from non-neucron 
tests are is Important for at least two reasons. First, they permit early 
scoping of some material and design options. Second, they permit better 
planning of more useful and less risky Irradiation experiments. 
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A survey of the U.S. facilities Indicates the availability of some test 
stands that are potentially useful for some fusion technology experiments. 
However, multiple-effect test stands appropriate for fusion are not, as sight 
he expected, a forthcoming legacy fron other technologies. Thus, there is a 
definite need for upgrades of existing tan-neutron facilities and the con
struction of new ones. A more quantitative description of the non-neutron 
test stand needs requires careful examination of their costs as functions of 
capabilities In simulating multiple-interaction effects. An example of an 
Important Issue that must be addressed In this context Is whether there are 
practical methods, other than using neutrons, for providing bulk heating in 
these experiments. While radiation damage la not critical for some types of 
experiments, the FINESSE results show that bulk heating is very Important in 
most multiple-Interaction experiments. 

2.5.3 Point tteutron Sources 

2.5.3.1 Int • oductlon 

Point neutron sources are attractive for irradiation testing because of 
their promise of easy access, simplicity, and relatively low cost. In real
ity, point sources often suffer from limited neutron intensity, inappropriate 
neutron spectra, and difficulties associated w-th operating very high technol
ogy machines. It should also be noted that as the level of neutron exposure 
Is increased, the costs associated with utilization of point sources increase 
dramatically. The increased costs are associated primarily aith shielding and 
remote handling. 

The following discussion focuses on the various point neutron sources 
proposed over the recent past for testing fusion materials. As of this 
writing, no point source with sufficient flux for blanket or first wall exper
iments has been formally advanced. However, use of an advanced FMIT type 
machine capable of large scale testing will be discussed as an 'upper limit" 
on point neutron source application. 

2.5.3.2 Point Neutron Sourceŝ  for Fusion Experiments 

A number of point neutron sources have been suggested for fusion mate
rial* testing. Only the RTNS-11 at Llvermore is actually In operation. In 
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the Bid-70's the INS was pursued at LANL as a somewhat larger test volume than 
RTNS-II, but it was eventually supplanted by FHIT which had sufficient flux 
and testing volume to fulfill the materials small specimen testing needs for 
the U.S. fusion program. Recently, construction of FMIT was postponed Indefi
nitely such that only the KTNS-II will be available for testing In the fore
seeable future. It has been suggested that a large volume of relatively high 
neutron flux will be available at LAMPF in the near future. The potential for 
fusion testing in LAMPF has been clouded by concerns over the appropriateness 
of the neutron spectra to blanket and first wall experimental objectives. 

Rotating Target Neutron Source (RTHE) at LLNL 

RTNS-II generates neutrons by bombarding a tritium-containing target with 
400 KeV deuterons. Neutrons are produced by the DT fusion reaction which 
produces a nearly monoenergetic 14 MeV neutron spectrum. The tritium la held 
In a target in the form of zirconium hydride which is coated on a water cooled 
copper disk. The deuteron beam Is focused as a 1 c» spot on the target. 
Rotation is used to reduce heat loads to levels which allow the tritium to be 
retained on the target. A maximum flux level of about 5 x 10* n/cm -s Is 
attained in a test volume of less than 0.1 car. While this Is adequate for 
low fluence testing of miniature material specimens, RTNS-II is much too small 
for nuclear experimentation supporting first wall and blanket multiple effects 
tests. 

Intense Neutron Source (INS) at LANL 

The Intense neutron source (INS) was Intended to generate neutrons by 
injecting a 1.1 amp 300 KeV tritium beam into a gas target consisting of a 
supersonic deuterium Jet. The deuterium density in the jet provided for 
sufficient (d,t) reaction to yield a neutron source of about 10 n/s. The 
limiting feature of this arrangement is the abllicy of the gas target to 
remove the heat generated by the beam. Since the neutron source is more or 
less cylindrical in shape, testing is conducted In an annulus around the 
target. A peak flux of 1 x I0 1 n/cm2-s 14 MeV neutrons was predicted 'or a 
few tenths of a centimeter next to the target. Since flux drops off as l/r, 
the volume of test space at 10 1 3 n/cmz~a or better was expected to be about 1 
cm. Again *» with RTNS-II, this space would have been useful for the limited 
material testing but is not large enough for multiple effects experimentation. 
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LAMPF A-6 Target Station at LAHL 

The Los Alamos Meson Physics Facility (LAHFF) is an 800 MeV 1 mA proton 
accelerator. The A-6 ti rget station at LAMPF offers the potential for testing 
at relatively low neutron flux with test volume approaching levels practical 
for significant, albeit small, "volume-type" experimentation. At the A-6 
target position, spallation neutrons from the LAHFF beam stop provides a flux 
of about 1 x 10 1 3 n/cm2-B at a volume of 0.02 m . The neutron spectra la much 
different than for fusion with most having energies below 1 MeV but a signlfi-
cant portion having energies reaching almost to 10 MeV. The combination of 
flux, spectrum and duty factor are sufficient to provide about a displacement 
level of 1 dpa/year in copper. While of interest to materials science, the 
flux/spectrum/duty factor combination is probably too small for multiple 
effects testing for high exposure materials testing. 

Fusion Materials Irradiation Test (FMIT) Facility at HEDL 

The Fusion Materials Irradiation Test Facility was specifically designed 
to meet the needs of the U.S. fusion program for a "fusion like" materials 
neutron irradiation facility. In FMIT, neutrons would be produced by bombard
ing a flowing lithium target wi'.'a 35 MeV deuterons. The (d,Li) reaction would 
provide a broad neutron energy spectra averaging around 14 MeV. Damage calcu
lations indicated that the spectra from 35 MeV deuterons on lithium was ade
quate for fusion Materials evaluation. 

FMIT would provide 10 cm of test space with a neutron flux of 1 i 10 
n/cm2-s or greater. Approximately 500 cm3 would be available at 1 x 10'* 
n/cm -s or greater. While peak neutron flux levels and volume were expected 
to be excellent for snail specimen testing, the steep flux gradients and 
source characteristics are inappropriate for multiple effects experiments. It 
should be noted that FMIT construction h".s been postponed pending the outcome 
of negotiations with the EEC and Japan concerning joint toons or shi.,. 

2.5.3.3 Point Source Potential 

In an effort to explore the potential of point sources for multiple 
effects testing, a device for producing a fusion-like neutron environment In a. 
23 x 23 x 23 cnr cube was scoped. The approximately 23-em-side cube was 
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assuaed to be the smallest size of Interest to multiple-effect experiments; 
however, depending on the results of the FINESSE study, a different lower 
limit may emerge. 

The approach taken was to scale-up the FHIT accelerator to the maximum 
possible using relatively small extrapolations of existing technology. The 
result yielded a neutron flux of about 5 % 10" n/cm -a at the front face of 
the 23-ca cube. Gradients from front to back of the cube can be adjusted over 
a relatively wide range, while it cannot be stated that gradients will match 
the precise requirements for "act-alik " tests of reduced size, there Is 
considerably more flexibility than In other neutron-generating machines. 

For lack of a better designation, this source is called "Super-FMIT." In 
Super-FMIT, 14 KeV average energy neutrons are produced by interaction of a 70 
MeV beam of D 2

+ ions with a flowing lithium target. The accelerator consists 
of a rad+o frequency quadrupole of the zero-node type that supports four 
accelerating channels, and an Alvarez Llnac In which the drift tubes accommo
date four beams. The multiple beam lines are contained In a single RF tank. 
Using the multiple beams and D 2 Instead of D + ae In FHIT, a 1 amp beam can be 
obtained. The beam interacts with a large flowing lithium target which dissi
pates less energy per unit area than FHIT and therefore should be easier to 
engineer and operate. Separate aiming of the beams gives flexibility that may 
be used to achieve the desired flux shading and gradients. 

2.3.5.4 Conclusion 

Table 2.5.3-1 summarizes the flux and testing volume capabilities of the 
point neutron sources surveyed. The primary point source for fusion materials 
testing in use In the United States Is the RTNS—II. Other more powerful 
sources are needed for materials testing but have been canceled or deferred, 
'.he small test space of point sources considered to date precludes their use 
in multiple-effect and integrated testing; however, a scale-up of the FMTT 
concept could produce a point source of Interest to some fusion nuclear tech
nology experiments. 
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Table 2.5.3-1 Point Neutron Sources for Fusion Material Irradiation testing 

Facility Peak Flux testing Volume 
Applicable to 
Multiple Effect* 

RTNS-II In-Uee for 
Materials Tasting 

~ 5 x 1 0 U n/cm2-s ~ 0.1 en 3 No 

INS Conceptual Design 
Completed -
Project Terminated 

1 x 10 1 4 n/cm2-a ~ 1 cm 3 Do 

LAMPF A-6 Operational 1 x 1 0 1 3 n/cm2-B ~ 0.02 m 3 No 
KMIT Design Completed 

Project Deferred 
1 x 1 0 1 5 n/cm2-s ~ 10 en 3 No 

SUPER-FMIT Scoping Study 5 x 1 0 1 3 n/cn2-s ~ 0.016 m 3 Yea 



2.5 A Utilization of Fission Reactors 

One option for performing the engineering experiments needed for fusion 
development is to employ fission reactors. For the purposes of FINESSE, it Is 
necessary to determine how large a role fission testing can and should play In 
the overall fusion nuclear technology research and development program. 
Although the usefulness of fission testing depends to some extent on the R&D 
scenario chosen (and vice versa), it Is important to examine the technical, 
and programmatic constraints on fission testing, in order to clarify Its 
advantages and disadvantages. In this study, only "volume-type" experiments 
(as opposed to small-specimen materials testing) has been considered, and 
interactive-effect tests have been emphasized. 

When considering fusion experiments in fission reactors, eight primary 
issues are usually cited as important concerns or limitations; these are 
listed in Table 2.5.4-1. The technical and programmatic aspects of fission 
testing can be conveniently discussed by considering these issues individ
ually. 

Radiation damage simulation is a concern for testing In fission reactors 
because of the difference between the fusion and fission reactor spectra. 
Since radiation damage in breeder materials results from lithium burnup, this 
is discussed in the following paragraph. Fusion radiation damage in structure 
results mainly frjm atomic displacements snd helium production. Although 
these physical mechanisms still occur in the fission spectrum, they occur at 
lower overall rates (for equivalent power densities) and in different relative 
proportions (the helium to displacement ratio is lower in the fission case) 
than at a fusion first wall. These reaults leave uncertainty that materials 
performance In the fission spectrum can simulate operation in the fusion 
environment. Although the quality of the simulation may Improve for locations 
deeper In the blanket, radiation damage is of greater concern at the first 
wall. There are a number of techniques which have been used to artificially 
Increase the helium production in the fission spectrum. One method is to 
utilize the nuclear characteristics of the normal alloy constituents (perhaps 
Isotopically tailored), for example, by irradiating stainless steel whose 
nickel content has a large helium production at low neutron energy in thermal 
fission reactors. Another approach Is to add small quantities of 5 8K1, B. or 
Li; «1chough this approach can improve the simulation of first wall damage, it 
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Table 2.5.4-1. Key Issues for Utilization of Fission Reactors 

1. Radiation Damage «. Types and Rates 
2. Power Density a. 

b. 
Magnitude 
Spatial Profile 

3. Lithium Burnup Rate a. 
b. 

Magnitude 
Spatial Profile 

4. Test Volume a. 
b. 

Size 
Total of Existing Test Locations 

5. Hon-Huclesr Conditions a. 
b. 
c. 
d. 

Magnetic Field 
Surface Heat 
Particle Flux 
Mechanical Forces 

6. Reactivity Considerations 

7. Availability for Testing 
8. Cost 

can Introduce uncertainties In the material performance due to the effects of 
the additional elements. Overall, fission testing, therefore, Is suited rare 
for beginning-of-llfe (BOL) testing where radiation damage in the structure Is 
not a fundamental concern. Nevertheless, the capability of fission testing to 
provide various othex Important test conditions simultaneously with Borne 
materials damage Is unique and potentially useful. 

Power density and lithium burnup are closely related in fission tests, 
and are typically felt to be its most outstanding capabilities. Ho approach 
other than neutron and gaana heating can provide bulk hotting to virtually all 
materialB simultaneously, a capability required in complex engineering expe-i-
nents• In addition, the capability for simultaneous in-sltu tritium p-oduc-
tlon and bulk heating Is vital for experiments on solid breeder b nket 
concepts. Calculations have shown that excellent simulation of power density 
and tritium production profiles is possible in fission tests with the use of 
spectrum tailoring techniques. The main concern, however, is fn the overall 
magnitude of the power density and lithium burnup rate, or conversely, in the 
rource flux required for prototypical operation. The calculated fluxes 

2-76 



required at the surface of the test assembly for 1 MW/sr equivalent power 
density at the front of the blanket are suaaarlzed In Table 2.5.4-2 for both 
t>e ln-core (subaodu'e), and core-side (slab) test concepts examined. These 
rather high flux requirements lialt the choice of test location, especially 
when flux depression effects are taken Into account. 

Table 2.5.4-2. Flux Required at Face of Test Assembly to Simulate Bulk 
Heating at Front of Fusion Blanket at 1 MH/nr 

Test Type Blanket Coneepe Neutron Filter 
2 

Pluxa (caT -s"1) 

Slabb Li20/He/HT-9 _ 1.4 x ^ ' 

Cd 1.5 x 10 1 5 

Slab Ll/Ll/V — 9.4 x IO 1 4 

Cd 9.8 x 10 1 4 

Slab L1A102/Be/H20/PCA — 6.2 x 10 1 4 

Slab Cd 8.7 x 10 1 4 

Submodule0 M20/He/HT-9 — 5.1 x 10 1 4 

Submodule L1A102/Be/H20/PCA — 2.1 x 10 1 4 

1 
^Water-moderated, plate-fueled test reactor assumed. 
"Core-side, 
cIn-core. 
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The total test volurn* which la available and potentially useful for 
fusion testing Is significant in view of the number and sizes of tests which 
may be of interest. In addition, it is important to have locations not just 
or sufficient sice, but also at sufficient flux. Summaries of the number of 
test locations In U.S. and 0.S.-plus-foreign reactors are shown in Tables 
2.5,4-3 and 2,5,4-4. The numerical entries give the number of locations which 
could be used for a test, given a test maximum dimension and total flux 
requirement. In-core experiments will probably ie at least 7,5 cm in diam
eter, considering typical containment requirements, and will require a flux of 
at least 101* cm - 2 -s" * A relativel> large number (- 50) of test locations 
are available at the lower end of the range of requirements for both flux and 
volucie. Dn*?rtunately, no locations exist at the higher requirements for flux 
and volume. For example, there are no locations with test size > 15 cm. For 
slab module tests, no locations with an adequate flux could be produced with
out soue modifications to reactor facilities. For instance, an acceptable 
slab test location could probably ha produced at ORR by modifications which 
would Increase the reactor power. Other reactors could perhaps provide slab 
test locations by conversion of thermal columns. 

Table 2.5.4-3 Number of Existing Acceptable In-Core Test Locations 
in U.S. (U.S. and Foreign) Reactors 

Minimum Required 
Flux («/csr «sec> 

Test Assembly Maximum Dimension (cm) Minimum Required 
Flux («/csr «sec> 5 7.5 10 12.5 15 
5 x 10 1 2 

5 x 10 1 3 

5 x 10 1 4 

5 K 10 1 5 

180 (315) 
167 (292) 
49 (69) 
40 (40) 

119 (168) 
106 (145) 
13 (30) 
4 (4) 

33 (79) 
30 (66) 
13 (30) 
4 (4) 

16 (45) 
15 (44) 
10 (?,) 
1 (1) 

2 (2?) 
1 (26) 
0 (16) 
0 (0) 

Table 2.5.4-4 Numbers of Existing Acceptable Slab Test Locations 
in U.S. (U.S. and Foreign) Reactors 

Minimum Regulred 
Flux (n/cmz«Bec) 

Test Assembly Maximum Dimension (cm) Minimum Regulred 
Flux (n/cmz«Bec) 25 50 75 too 150 

5 x 10 1 3 7 (11) 1 (4) a (2) 0 (1) 0 (I) 
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It is desirable to have the capability of Including non-nuclear condi
tions such as Mechanical forces, surface heating, magnetic field, or particle 
flux, in fission tests. This is relatively straightforward in the case of 
mechanical forces, which can be produced by externally-loaded gas cylinders. 
Although there is no fundamental difficulty with simulating surface heating by 
using electrical resistance heaters, no test concept with this feature has yet 
been developed, and the issues of associated volume Increase and of interfaces 
with the test assembly have not been addressed. There will be difficulties in 
incorporating magnetic fields, due to the large magnets required for high 
fields and the possible effects of stray field on reactor safety and opera
tion. Finally, no acceptable method of generating particle fluxes at proto
typical levels in a flsBlon test has yet been identified, although techniques 
have been proposed which would produce particle fluxes of lower magnitude. 

The effect of a "usion blanket test assembly, which would be a strong 
neutron absorber, on Che reactivity balance of the fission test reactor is 
also a concern for fission testing. For in-core tests, the negative reac
tivity effect has been found to be somewhat high, but acceptable. The test 
assemblies were worth from two to three average control rodd for the type of 
reactor considered; In each case evaluated, however, a critical reactor core 
configuration without the test assembly was used as the base case, and the 
larger test assembly required a larger core to remain critical. For the slab 
nodule tests which were examined, the effect of the reactor core thickness on 
the net reactivity effect was found to be large (Fig. 2.5.4-1). As a point of 
reference for Fig. 2.5.4-1, an average control rod is worth approximately 
+2.50 S. This implies that small reactor cores (less than 30 cm thick) will 
have great difficulty in accommodating such tests. Large cores (greater than 
50 cm thick) can certainly accommodate them, and medium cores (30-50 cm thick) 
may require some modifications. 

Whether or not reactors will be available for testing when needed is also 
an issue which can affect program strategy. Host facilities which were con
tacted during the study will, be in operation for the indefinite future; excep
tions were EBR-II (with a projected life of 10 more years) and PBF (with a 
projected life of 1 more year). All indicated that test spaces would be 
available, given proper programmatic priority. In view of the plans for 
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Figure 2.5.4-1 Slab teat module negative reactivity worth 
as a function of core thickness. 

EBR-II and PBF, as well as the recent mothballing of ETR, there appears to be 
a slow but consistent downwc ? trend In the availability of fission test 
reactors. Presumably this trend could be halted or reversed If a need for 
additional testing were apparent. 

Fission testing will be extremely useful for near-term fuBion experi
ments. In particular, it is well-suited for conducting many multiple-effects 
tests, but not for complete act-alike performance. Its primary role in engi
neering testing will probably be in submodule-scale testa, since a number of 
acceptable test locations exist, and since the simulation requirements are 
somewhat relaxed for teats of this type. There will be some role for full-
module slab tests in B0L performance evaluations and to allow early identific
ation of some radlatlor.-related synergisms. In general, it appears that 
fission testing will be somewhat more useful for solid breeder blankets than 
for liquid metal blankets. This le because the most critical issues for 
solid-breeder concepts (heat transfer and tritium release) match the capabili
ties of fission testing (bulk heating and ln-situ tritium production) better 
than the most critical issues for liquid aetal blankets (MHD and corrosion). 
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Fission testing is United in three main areas. First, it Is difficult 
to Include all of the non-nuclear conditions which may be of Interest. 
Second, the difference In spectrum between fusion and fission leads to diffi
culty In simulating structural radiation damage and leaves doubts concerning 
radiation-related synergisms. Finally, fission testing is currently limited 
In the total number of acceptable teat locations, particularly slab test 
locations. These limitations apply primarily to integrated testing, and do 
not seriously reduce the usefulness of fission testing for many multiple-
effectB tests. 

Overall, fission testing can and should be an integral, useful part of 
the fuslor R&D program. Although It cannot completely replace or eliminate 
the need for fusion testing (except for extremely high-risk development 
scenarios), it can address many critical testing needs to various degrees. 
The principal advantages will be timeliness (it Is available now) and cost-
iffectiveness (no new facility construction required). In the final analysis, 
each fission experiment or fusion development scenario considered must be 
evaluated on a cost/risk/benefit basis; in this context, fission testing is 
less costly and lower risk than fusion testing, but also Is of less benefit. 
However, the attractiveness of acquiring considerable data, even though imper
fect, on critical fusion engineering Issues by testing early and In existing 
facilities should not be overlooked. 
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2.6 Fusion Facilities for Unclear Experiments 

2.6.1 Introduction 

The iaentlfled testing needs for fusion nuclear technology Include a 
number of critical multiple interaction and Integrated experiments. These 
particular experiments have the following characteristics: (1) They require 
simulating many of the fusion environmental conditions, particularly the 
neutrons. (2) The size of a typical experiment is large, typically en the 
order of 1 m . (3) The total testing volume requirements for the Important 
needs is large, in the range of 10-20 in. 

Multiple interaction experiments for which the neutron field Is not 
critical may be performed in non-neutron test stands, even if they require a 
large size. Although suitable test stands are not readily available, the 
construction of new ones at a reasonable cost may be justified. One partic
ular problem here that must be considered Is that many of these multiple 
Interaction experiments require bulk heating. Although neutrons may not be 
critical for simulating radiation effects, they may be i.ie only practical 
source of bulk heating. 

Keutrons are needed to simulate radiation effects, to provide bulk heat
ing, ana to induce specific nuclear reactions, e.g., U ( n , 0 . The only pres
ently available source of neutrons for a significant experimental volume is 
fission reactors. As discussed In the previous section, fission reactors, 
while useful for some multiple Interaction tests, cannot satisfy critical 
needs for other multiple Interaction and Integrated tests. 

Thus, fusion nuclear technology R&D mandates careful evaluation of fusion 
devices as test facilities. Section 2.6.2 Is a summary of a technical invest
igation of the potential of tandem mirrors as a Fusion Engineering Research 
Facility (FERF). Section 2.6.3 presents a summary of an attempt to identify a 
low-cost tokamak option that can satisfy the nuclear testing requirements. In 
both the mirror and tokamak evaluations, no physics testing requirements were 
imposed on the plasma operating mode. For the tokamak option, key differences 
tn the costs and risks between large, high power fusion devices that combine 
the physics and technology missions and smaller, lower fusion power devices 
that are dedicated to nuclear testing are expected. A primary difference 
relating to the impact of additional tritium breeding on the overall avail
ability if a large tokamak is discussed in Section 2.6.4. 
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2.6.2 Tandem Mirror Test Facilities 

2.6.2.1 Test Facility Options 

Tandem mirrors offer an excellent unique capability for carrying out 
nuclear experiments and for demonstrating the operation of nuclear technolo
gies. This capability derives from an ability to produce high fusion power 
densities by injecting high energy D-T neutral beams into a magnetic mirror 
test cell which is Inserted within the central cell of a tandem mirror. The 
volume of plasma can be kept arbitrarily small by selecting the length of the 
cell, with the result that low cost test areas can be designed. The physics 
of ion confinement in the mirror cell is essentially the physics of single 
cell mirrors, for which there is a long experimental history. That history 
shows that well understood classical predictions of ion-ion scattering and 
ion-electron drag account for lossec from the cell. Thus, it appears possible 
to design the test cell with considerable confidence in the essential physlCB. 

It was recognized more than ten years ago that single cell mirrors might 
be attractive as nuclear research test facilities. A device, called FERF, was 
designed^ ^ for that purpose in 1974. With the Invention of the tandem 
mirror, the idea was adapted to the evolved confinement configuration by beam 
driving the entire center cell af a tandem mirror aB a test cell. Such a 
facility would operate in the "Kelley mode" with the large majority of ioiis 
being magnetically trapped and the minority fraction being electrostatically 
confined in the tandem mirror end plugs. 

To this end, Fowler and Logan^ ' proposed a Tandem Mirror Technology 
Demonstration Facility (TDF) whose primary objective would be to demonstrate 
the steady-state operation of fusion technologies (e.g., rf heating systems, 
superconducting magnets, tritium systems) in the nuclear environment and to 
serve as an integrated development/test facility for tritium breeding blanket 
modules. TDF would use beam-driven axlcell plugs and quadrupole anchors. The 
end plugs of TDF would be stream-stabilized by the Dlasma outflow from the 
central cell, while the anchors were to provide MHD stability through electron 
conduction between the high density plug and the low density anchors. With 68 
MW of 80 kV beams, Fowler and Logan predicted that 15 MW of fusion power would 
be produced in the 8 a central cell. Because the energetic ion lifetime was 
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assumed to be only one collision time, the physics basis for TDP was believed 
to be conservative enough that it could be largely verified from operation of 
the existing TfflC facility at LLHL. 

A sore detailed TDF design was developed by U.KL and other fusion organ
izations during l9o"2-1963. 3 ' This design, shown in Fig. 2.6.2-1, would have 
a total capital cost in the range of $1-1.5 billion. It would provide two 
blanket test module ports and a substantial area for neutron damage testing to 
fluences of 5-10 MW-yr/n. To address the problem of trapped particle modes 
in tandem mirror reactors, the TDP electrostatic plugs were moved outwards 
from an axisyametrlc "axicell" to the quadrupole cell. At the same time, a 
simple choke coll would replace the axicell and a thermal barrier would be 
formed in the anchor. The most recent TOP configuration is similar to the 
HFTF-B configuration. 

Two different options for achieving microstability in TDF were consid
ered. With the first, stream stabilization,'14' low electron temperature and 
confinement times lead to a wall loading of 1.4 Mtf/m2 from 20 WW of fusion 
power (65 MW of 80 kV beams). The second option,'15' based on stability by 
sloshing ions with the stream gas renoved, has potential to provide perform
ance consistent with the engineering parameters shown in Table 2.6.2-1 and the 
magnetic field, electrostatic potential, and plasma density profiles shown in 
Fig. 2.6.2-2. In this "beam-fueled" mode, the electron temperature and life
time doubles, fusion power Increases to 35 MW (with 51 Mf of 55 kW beans), and 
the wall loading increases to 2.1 MW/m. 

Approaches to technology test facilities less expensive than TDF have 
been proposed recently as novel upgrades to MFTF-B. One such approach, the 
HFTP-u+T •upgrade of YIFTP-B,^16' would combine plasma confinement objectives 
with nuclear experiment and test objectives. The ~ $450 million, 11 Mfff MFTF-
i+T upgrade would be a DT-buming machine with significant <r-power deposition 
in the central cell. It would incorporate many recent Ideas which are expec
ted to result in tandem mirror concept improvement (i.e., MARS end plugs with 
additional anchoring, drift pumping, halo pumping) and would also feature 
several next-step technologies (e.g., 200 keV negative Ion beams, 18 T choke 
coils, direct conversion). A second phase of MFTF-crtT operation would focus 
upon technology development and low fluence integrated nuclear testing with 
one or more (at higher cost) beam driven test cell Inserts. During the 
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Figure 2.6.2-1 CroBS-sectlon of TDF machine. (Some components are shown rotated out of plane for 
clarity and only one of the eight center cell beamllnes Is shown.) 



Table 2.6.2-1 TDF Engineering Psraaeters 

Parameter 

OVERALL MACHINE 
Full power run length 
Availability 
Design life 
Total capital cost 

PLASMA 
Length (central cell) 
Radius 
Peak beta 

TEST ZONE 
First wall radius 
Neutron wall load 
Test module area 
Total area 
Heat load 
Fusion power 

TRITIUM 
Consumption rate 
Inventory 

VACUUM 
Base pressure 
Total pump speed 

MAGNETS 
Superconductlag: 

Material 
Peak cond. field 
Peak center field 

Resistive: 
Material 
Peak c e n t e r f i e l d 

NEUTRAL BEAMS 
Mode 
Energy (max} 
Power: 

C e n t r a l c e l l 
Pumping 
Sloshing 

RADIO FREQUENCY SOURCES 
Type 
Frequency 
Power 

Units 

X (life average) 
Full power years 
$ million (1982 dollars) 

m 
D 
Z 

MH/B/ 

n 
W/cn (average) 
MW 

g/h 
kg 

Torr 
L/s 

T 
T 

keV 

MW 
MW 
MW 

GHz 
MW 

Quantity 

> 100 
30 
5.4 
~ 1000 

8.0 
0.15 
40 

0.30 
2.1 
3.6 
~ 8 
50 
36 

0.23 
~0.3 

1.3 x 10" 

Nb-Ti 
8 
4.5 

Cu alloy 
15 

Continuous 
60 

51 
7.0 
0.8 

ECRH 
35/60 
1.0/0.6 
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Figure 2.6.2-2 TDF magnetic field, electrostatic potential, 
and plasma density profiles. 

nuclear test phase, the machine would be operated in a low confinement node, 
n 

but would provide a relative high (~ 2 HH/m ) neutron wall loading at an ~ 10Z 
availability for test periods up to ~ 100 hours. As shown in Fig, 2.6.2-3, 
the $450 million MFTF-a+T facility would be fully shielded and remotely main
tained. Unlike In TDF, where the insert would be the entire central cell, In 
MFTF-o+T the insert would be embedded in the central cell. 

Another design study, TASKA-M, was recently completed by KfX in Karls
ruhe, West Germany, in conjunction with the University of Wisconsin. (17> The 
TASRA-M mission was to identify "the smallest and least costly tandem mirror 
test facility possible, which still retains a considerable degree of reactor 
relevance." The TASKA-M design was based upon near-term physics assumptions 
and mid-1980's level of technological capabilities. TASKA-M would produce 6.B 
MH of fusion power to provide a peak neutron fluence of ~ 80 dpa in a 0.17 m 
test area. The facility would also accommodate two small blanket component 
test modules; however, the ~ 1 MW/mz neutron wall loading would vary greatly 
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Figure 2.6.2-3 Test station assembly and access porta f i r the major components of KFIF-a+T. 



In the axial direction. Nevertheless, TASKA-M, with a projected direct coat 
of < $400 Million (1983 dollars), serves as an excellent example <r. defining 
the bounds for low power but intermediate fluence tandem nirro- test facili
ties. 

With TDF, HFTF-a-tT and TASKA-M, the design of test facilities has evolved 
to show the merits of using tandem mirrors with driven test cells to address 
technology Issues. However, further steps in the design of test facilities 
will sureiy be taken. For example, the use of octupole end plugs has already 
been proposed for MHD stabilization in tandem mirrors. Successful use -.f 
these octupole designs would permit much shorter end plugs and, therefore, 
much shorter central cells for a given performance level. With occupole 
plugs, It is projected that central cell ignition conditions could be achieved 
in a machine length comparable to the present MFTF-B. Such a device would 
have wall loadings of ~ 1 MW/m , but if operated in a lower confinement made, 
with a beam driven test cell inserted, the wall loading could be raised to 2-3 
Mw/m2. 

2.6.2,2 Resolving the FINESSE Nuclear Issues in a Tandem Mirror Nuclear Test 
Facility 

A preliminary assessment of the ability of an MFTF-o+T or TDF class FERF 
to resolve the FINESSE nuclear Issues was performed. This assessment focused 
on the ability of tandem mirror FERF options, in conj- action with complemen
tary fusion and non-fusion facilities, to play a role in tokamak develop
ment. This type of activity will be expanded in 1985 to cover more cases and 
to provide a more detailed consideration of the amount of testing required 
(*..g., number of experiments/tests, required test period, test article size). 

The ability of a tandem mirror FERF to provide an act-alike environment 
for tokamak blanket test modules has been a key concern in FINESSE. Specifi
cally, it was known that the tokamak and tandem mirror geometries, magnetic 
field profiles, and plasma-side conditions (i.e., heat flux and eros^n) were 
quite different. These issues were addressed, to some extent, during the 
first year of FINESSE, and It appears that many act-alike aspects of tokamak 
blanket performance can be achieved in scaled-down tandem mirror test codules, 
such as the module shown In Fig. 2.6.2-4. In most cases, a radiant heat: flux 
must be applied to the test module first wall to simulate the typically high 
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Figure 2,6.2-4 Lithium cooled vanadium tokanak blanket test module 
design for tandem mirror test ing. 



sol.face heat flux In tokaaeks. A preliminary design of a tungsten filament 
resistive heater Indicates that such a capability Is clearly possible. 

Differences between the capabilities of an MFTF-ct+T class facility and 
those of a TDF class facility primarily relate to overall expected availabil
ity. Both MFTF-a+T and TDF appear to be attractive candidates to perfora 
thermal-hydraulics and theraal-aechanlcal testing of act-alike fusion nuclear 
components. Also, both facilities can and would be used to investigate and 
resolve early failure nodes. However, a TDF class FERF (ultlaate fluence of 
5-10 MW-yr/a2) would provide auch greater operating time than an MFTF-a+T 

ft 

class FERF (ultlaate fluenee ~ 1 HW-yr/a ) and, consequently, Is aore attrac-
n 

tive for tests which Involve extended fluence effects (> 4 Mtf-yr/a ). 

Our preliminary assessment of the contribution to FINESSE Issues resolu
tion which can be Bade by tandea alrrors in conjunction with complementary 
fusion and non-fusion facilities Is encouraging. To perfora this assessment, 
each of ~ 130 FINESSE issues was considered with respect to the contributions 
which could be made by other experimental facilities (e.g., fission reactors), 
the adequacy of the tandem mirror test envlroument, and fluence require
ments. Then, one of the five tandem mirror test values shown below was 
assigned. 

Test Value Tandem Mirror Testing Contribution 
a Sufficiently resolves issue independent of other major 

test facilities. 
b Sufficiently resolves issue in conjunction with 

existing fusion and/or potential non-fusion facilities, 
c Confirms performance/reliability goals (developed 

from non-fusion testing) to mid-life conditions. 
d Establishes an early life performance confirmation/ 

model benchmark and/or explores early failure modes, 
e No significant benefit due to insufficient or 

previously existing capability. 

The results of fhe assessment are shown in Table 2.6.2-2. The contribu
tion which can be made by TDF and MFTFor+T class facilities to the resolution 
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Table 2.6.2-3 Trade* Mirror Fusion Engineering Research Facility 
Teat Value Statistics Summary 

Test Values 

Trete&tage of Critical + High 
Concern Issues Addressed 

Test Values MFTF-o+T TDF 
a or b 
a or b or c 
a or b or c or d 

44t 62* 
69* 92Z 
92* 97Z 

of tokanak blanket/first wall nuclear issues is impressive with HFTF-o+T 
positively Impacting the great majority of Issues and the higher fluence TDF 
impacting still more. 

As Indicated in rig. 2.6.2-5, an MFTF-a+T facility, with complementary 
facilities (erg., existing fusion and non-fusion facilities, FMIT, TFCX) might 
resolve all but six of the FINESSE nuclear Issues associate! with tokamaks 
(i.e., not limited to blanket/first wall issues). The remaining issues which 
involve fluence effects on large scale components cannot be addressed in MFTF-
o+T but can be addressed in TDF. 

Given the sbove perspective on capabilities, it is of Interest to compare 
the performance and cost of MFTF-a+T and TDF with those of recent tokamak test 
facility designs, the FED-R design^18' and the INTOR design.^I9* Such a 
comparison is presented in Tables 2.6.2-3a and 2.6.2-3b. The reader is 
advised that tha assumptions required to construct this table are uniform and 
consistent, but do not, in all cases, reflect the published values. Neverthe
less, the trends are expected to be relatively valid. Potential improvements 
In tokanak a as test facilities are summarized in the next section, but a 
detailed cost evaluation of proposed concepts has not been performed. 

As shown, the tandem mirror facilities have potential t< produce neutron 
wall loadings comparable to or in excess of those of the tokamak facilities. 
This would be done over a much smaller test area at fusion power which 1B 
reduced by an order of magnitude or more. The tandem mirror component test 
area can be increased (Section 13.5.5), but It will, In any case, be small in 
comparison with that of tokamaks. Although the limited test area is a major 
concern for tandem mirrors with driven test cells, the virtually steady-state 
operation of tandem mirrors is believed to be a substantial advantage in the 
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Table 2.6.2-3a Performance Comparison* of Varloua Fusion Engineering 
Facility Candidate* 

MFTF-a+T TDF* FED-R(II) IHTOR 

Fusion power, MH 17 36 250 620 
Neutron wall loading, MWn 2.0 2.1 1.3 1.3 
First wall radius, m 0,25 0.30 1,05 1.2 

2 
Component teat area, m 1.6" 3.2 60 380 
ultimate availability, X 10 40 40 35 
Lifetime at ulrlnate availability, yr 10 10 10 10 
lifetime fluence, Mtf-yr/n 2.0 8.0 5.2 4.6 

"Beam-fueled version. 
^Can be Increased to 3,2 « 2 . 

Table 2.6.2-3b Goet Comparison of Various Fuaion Engineering 
Facility Candidates 

MFTF-o+T TDF FED-R(II) INTOR 

Total capital cost, $M 400 1300 2100 2600 
Electrical consumption, MW 150 250 600 300 
Annual electrical cost, $M/yr" 7 44 io •; 46 
Tritium consumption, Kg/yr 0.10 0.8 5.7 6.2° 
Annual tritium cost, $M/yrc 2 16 115 124 
Annual operating cost, SM/yr 41 67 105 130 
Total annual cost, $M/yr 50 127 325 300 

total cumulative cost, $M ~ 1000 ~2800 -5700 ~6000 

«At 50 mll/KW eh 

^Assumes INTOR TBK and b lanket coverage Of 5 0 2 . 
c A t 20,000 $ / g . 
d E s t i a a t e . 
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conduct of several types of experiments; most notably, those that involve the 
dynamics of tritium recovery from solid breeder blankets. 

The rough cost comparisons of Table 2.6.2-3b can be used to demonstrate 
that HFTF-a*T, TDF, and the tokamak alternative* represent distinct cost 
categories. The MFTF-a+T upgrade would have a low capital cost and an annual 
operating cost which is expected to be dominated by personnel costs. As a 
result, the cumulative (i.e., life cycle) cost Is expected to be on the order 
of ?1 billion. In comparison, the initial TDF cost is three times higher and 
the cumulative cost is also three tines higher, primarily due to purchased 
electricity. These differences are compounded by the tokaaaks which cost 60-
1002 more than TDF and require more than double its total cumulative cost 
despite the fact that the INTOR class facility is assumed to breed half of its 
own tritium. The FED-K facility is especially costly in electrical consump-
cion because its copper TF colls would require a large electrical input. Thus, 
the cost differential between MFTF-cttT and a largs tokamak engineering test 
reactor is five- to six-fold and their respective capabilities should be 
viewed in this light. 

2.6.3 Tokamak Test Facilities 

2.6.3.1 Objectives and Requirements 

The objective of this study was to identify a tokamak device configura
tion and operational mode that would best utilize the tokamak concept for 
attaining specific nuclear testing requirements while minimizing capital and 
operating costs. 

The principal test requirements are the following: 

Nuclear Performance 
1. Test volume at least 0.5 m in depth from frontal area of at least 

10 m exposed to Che fusion neutron current. 
2. Neutron wall loading at least 1 HW/m2 and preferably 3 Mf/ra2. 
3. Lifetime fluence capability - 1 to 10 Mtf-yr/m2. 
4. Surface heat load > 80 tf/cm2. 
5. Ease of test module installation and replacement. 
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Duty Factor 
6. Burn time at least several hundred seconds (preferably steady state). 
7. Dwell tlae between pulses < 100 s. 
8. Continuous operating period > 1 week. 

Cost Constraints 
9. Capital cost < $1000 Billion for the complete facility. 
10. Minimum operating cost, I.e., electrical power consumption < 200 MWe 

and tritium consurption < 5 kg/yr. 

The last constraint Implies a fusion power < 200 MH, assuming a capacity 
factor near 0.5. 

Various device configurations and operational modes that could satisfy 
the above requirenetits were examined. These candidates Included the numerous 
toroidal concepts that have been proposed since the mid-1970s as well as new 
variations made plausible by recent theoretical and experimental plasma 
physics results - An important guideline was that the reference approach 
should be a credible one, that sould be based on tokamak performance expected 
to be demonstrated by the mid-1980s. 

2.6.3.2 Design Approach and Principal Features 

The requirements of E^ull capital cost and small fusion power result in 
small physical size. An Important assumption for minimizing reactor size Is 
tl.at the confinement parameter m E will not degrade significantly from Its 
value In the ohmlc-heated regime; this assumption should be valid if the 
externally injected power does not significantly exceed the ohaic power. 

The following selections were made to Insure that the requirements on 
nuclear performance and duty factor could be achieved in a relatively compact 
device while mir*. .nizing operating cost and risk, 

1. Copper TF colls,, principally because of the inability to shield 
superconducting coils In a compact device. 

2. Ignited operation, to minimize the electrical power required during 
the burn. The size penalty for an Ignited device was found to be 
small for the particular class of devices considered here. 
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3. RF heating (Ion cyclotron waves), because of the difficulty of oper
ating neutral-beam Injectors In • reactor environment as well as 
uncertainty in the development of injectors of the required energy 
and efficiency. 

4. Quasi-ohmic heating to Ignition, to minimize the auxiliary heating 
power required. 

5. Steady-state current drive was rejected because of its high elec
trical power cost. 

6. Location of the OH colls in the TF coll bore, to maximize the flux 
swing available for current startup and for driving 1000 s pulses. 

7. High-beta operation during the burn «S> » plasma pressure/magnetic 
pressure - 0.23), to minimize TF-coll power loas. This choice 
requires an elongated bean-shaped plasma. 

8. Pumped limlters, to avoid the additional size and complexity of 
magnetic divertora. 

2.6.3.3 Concept Description 

Table 2.6.3-1 gives the principal geometric parameters and performance 
characteristics. Figure 2.6.3-1 shows an elevation view scheaatlc, and Fig. 
2.6.3-2 shows how the device sectors are utilized. 

Device Operation 

To achieve ignition mainly by ohmic heating, very high magnetic field and 
current are required during startup, but the RF power is relatively low. The 
startup phase Is Bhort compared with the burn phase, so that the cime-averagvd 
coil disslpatlve loss is negligible. The startup plasma is D-shaped. When 
ignition is attained, the field and current are reduced to moderate values, 
and beta Is Increased to 0.23, while the plasma assumes the bean shape needed 
lor high-beta operation. The length of the burn can be of the order of 1000 
s, and the duty factor would exceed 0.9. 

Magnet Locations 

The "pusher coil" required ior indenting the bean plasma is located in 
the inboard blanket/shield region and dissipates about 25 MW of power. The 
current-driving solenoid is also located inside the TF colls in order to 
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Table 2.6.3-1 Illustrative Tokaaak Nuclear Teat Facility 

Parameter Unit Startup Phase Burn Phase 

Ceoaetrv 

m 2.55 2.55 Major radius m 2.55 2.55 
Minor radius m 0.75 0.75 
Aspect ratio 3.40 3.40 
Plasma shape D bean 
Elongation 2.0 1.4 
Inboard blanket/shield is 0.50 0.50 
Maximum B at colls T 12 6.0 

Plasma 

T 5.6 2.8 B at plasma axis T 5.6 2.8 
<P> .04 .23 
<Temperature> k e Y i * 3.0 15 
<Density> 

k e Y i * 4.5 1.4 
Plasma current "*./ Q 7.0 5.4 
nx K (neo-Alcator) 10 1 4s/c« 3 14 2.1 
Ofiaic power MW 

1.2 
4.9 

1.2 
< 1 

RF power MW 5.0 0 
Loop voltage V 0.65 0.015 
Solenoid flux Hb 32 18 
Pulse length s > 1000 

Magnet8 

ra 3.5 3.5 TF horizontal bore ra 3.5 3.5 
TF vertical bore m 5.3 5.3 
TP coil material 

kA/cm2 
Cu Cu 

Maximum J, TF coll kA/cm2 .93 .47 
TF coll loss MH 490 122 
PF coll loss MH 60 40 

Power Production 

? . 
60 185 Fusion power 

? . 
60 185 

First wall area ? . 129 129 
<Neutron wall load> HW/n, 1.15 

at outboard MH/mz 1.3 
Circulating power MH 550 190 
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SCALE - HETERS 

Figure 2.6.3-1 Partial elevation view of tokanak nuclear test facility. 



FUNCTION 

— 
TOKAMAK NUCLEAR TEST FACILITY 

FUNCTION SECTORS DEDICATED TO EACH FUNCTION 

HEATING 
FUELING 
PUMPING 
DIAGNOSTICS 

11, 15 
13, 19 
9, 23 
1, 2. 3 

MODULE TESTING 1, 5, 6, 7, 8 AND 17, 18, 20, 21, 22 

Figure 2,6.3-2 Utilization of tokamak nuclear test facility sectors. 
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greatly increase the available flux swing and accommodate the required burn 
pulse. Minimal neutron shielding le provided for the magnets, all of which 
use SPINEL insulation. the TF coils are demountable to permit periodic 
replacement of the inboard TF coll trunk and the ln-bore poloidal field coils• 

With this configuration, both the fusion power and the circulating elec
tric power are slightly under 200 MW. For a capacity factor of 0,5, the 
annual operating costs would be approximately $35 nillion for electricity (at 
40 mills/kWh) and $75 Billion for tritium (at $15,000/g). A. significantly 
different (and still unidentified) design approach would be required to reduce 
the fusion power and circulating power to the 100 Mtf level. 

2.6.3.4 Risks and Uncertainties of the Reference Approach 

The najor plasma physics and engineering advances required relative to 
the expected performances of TFTR, JET and JT-60 are associated with achieving 
and sustaining ignited, high-bota operation over pulse lengths of the order of 
1000 a. On the other hand, reactor-level nig in the near-ohmlc-heated regime, 
reactor-level temperatures at smaller nig, and the effectiveness of ICRH 
auxiliary heating. The stability of bean-shaped plasma has been shown at 
relatively low 9 values. Within the next few years, existing toksmaks are 
expected to demonstrate very high beta and pulse lengthB of tens of seconds, 
but no existing machine is likely to achieve ignition. 

The following are the physics and technology areas of greatest uncer
tainty for the proposed approach. 

1. The feasibility of achieving and maintaining 6 - 0.20-0.25. 

2. The assumption that the high nTg mode of operation known to be 
attainable with magnetic divertors can also be realized with pumped 
limiters. 

3. The effectiveness of ceramic insulation in magnet application, 

4. Lifetime of the first wall under plasma erosion. 

5. Maintenance of the inboard OH and shaping colls is impossible, so 
that redundancy of these colls is clearly required. 

6. Methods for maintaining and replacing tokamalc components. 
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7. Feasibility of the TF coll joints, particularly since the coils must 
be pulsed to very high field during startup. 

8. Cyclic fatigue of the coil systems. 

2.6.3.5 Conclusions 

The tokamak approach outlined herein can meet the neutron wall loading, 
fluence and burn cycle requirements for a nuclear test facility, although the 
wall loading is at the lower end of the range of interest. The electrical 
power and snnusl tritium consumption are at the higher ends of the acceptable 
ranges, and the capital cost would probably exceed $1 billion. Thus, further 
efforts are needed to reduce the physical size and fusion power level while 
increasing neutron wall loading. 

The proposed approach also has significant technological uncertainties 
which are likely to be present in any alternative toroidal approach. These 
iss'ies can be resolved only through extensive development programs. 

2.6.4 Availability Considerations for Fusion Engineering Facilities 

Studies which can provide a quantitative perspective relating to the 
reliability/availability aspects of developmental testing la fusion facilities 
have been completed. These studies were motivated by an observation that many 
components to be included in the first fusion engineering research and devel
opment facilities will have little or no engineering precedence. This will be 
particularly true of nuclear components which, despite the best efforts in the 
design, fabrication, and pre-fusion testing phases of development, will not 
yet have produced a high degree of confidence in their estimated reliabili
ties. Most likely, early fusion engineering facilities would be used to 
implement iterative design/test/fix programs aimed at improving the nuclear 
component reliabilities. However, an apparent paradox will result because 
those nuclear components which would be targeted in a reliability Improvement 
program depend upon the reliable performance of other nuclear components in 
the system. 

One example of this would be the development of blanket test modules in a 
high fusion power facility (e.g., IHTOK) which must also breed Its own tritium 
in many (typically 60) tritium breeding modules, all of which must function 
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reliably for the overall facility to operate. Although the breeding Modules 
would be designed for high reliability, they would be essentially uuproven and 
necessarily complex. Consequently, they have the potential to negatively 
Influence the blanket test Module development program by reducing the overall 
device availability. 

Two studies which address these concerns will be reviewed briefly In this 
section. First, the total test time required to achieve a given level of 
statistical confidence In a required component reliability Is considered. 
Second, the Integrated tine in a test facility w:ilch is required to Improve 
component availability from an Initial value tc a goal value i* estimated 
while accounting for the degradation of operational availability caused by 
tritium breeding nodule and test module failures. This work la based en 
Department of Defense' » ' guidance r: iting to the planning and management 
of reliability improvement programs. 

2,5.4.1 Confidence Levels in Component Availability 

Unproven component reliabilities or availabilities (considering replace
ment and repair) can be estimated from the proven performance of components of 
similar design and application if such designs and applications exist. How
ever, high confidence In component performance In entirely new applications 
must cowe from testing in relevant environments. The implementi:'**r"i of an 
operation/test program to develop high statistical confidence in a reliability 
data base prior to an engineering demonstration is clearly a desirable goal, 
but can be very difficult in practice due to the requirement for an extended 
test period and because such a program would logically follow a relatively 
long design/test/fix/test sequence (i.e., one should achieve high reliability 
prior to confirming it). The INTOR critical issues study'^' concluded that 
the achievement of an 80% statistical confidence level in a given component 
Mean Time Between Failures (MTBF) in the constant failure rate reglae of 
operation (i.e., random failure probability) would typically require » cumula
tive test period of 3.5 times the MTBF. 

Some components, such as the superconducting toroidal field (TF) coils, 
are not expected to fail during the lifetime of the facility (a design basis) 
and have required MTBF periods which are orders of magnitude in excess of the 
facility lifetime. For example, a tokamak engineering demonstration facility 
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(BDF) might have tan TP colls and Bight require a TF coll system rallablllty 
of MX over a tan full pover yaar operational llfatiac. This implies that a 
single coll Bust have a rallablllty of (0.80) 1' 1 0 - 0.978, or 97.8*, during 
'JS* saae parlod. Sine* the rallablllty, R, Is related to the component MTBF 
by S » e ' , where T IS the operational period (ten years In this case). 
It follows that for ft - .978, the Individual TF coll KTBF exist be 450 operat
ing yearn. For SOX confidence In this MTBF, a 3.5 x 450 - 1575 year test 
night be required. Although thl* la reduced ten-fold because there would be 
ten TF colls, It Is clear that such coaponents would not be aaenable to the 
prior development of a high confidence reliability data base. 

For blanket Modules, the reliability requireeents would be somewhat 
relaxed. With the possible exception of catastrophic failures, such as a 
severe breach of the primary pressure boundary (resulting in a gross deforma
tion) or a non-routine radioactive spill, blanket removal Is expected to be a 
relatively routine maintenance operation. In this case, a minimal engineering 
demonstration facility blanket system availability goal might be ~ 60Z. Since 
an EOF might have six blanket modules per TF coil sector (60 total), the 
required availability for individual coaponents might be (0.6) 1' 6 0 - 0.9915 or 
99.152. Since the component availability Is given by the MTL'F/(MTBF + KTTR), 
where the MTTR is the mean time to repair or replace, a typical MTTR of one 
month results in a required MTBF of about 10 years. This implies a typical 
test period of 34 years. However, if equal credit can be taken for 60 
modules, tested in parallel, the required test period would be reduced to a 
ntanagable 0.5 full power years. 

These results are Illustrated in Fig. 2.6.4-1, where the Individual 
blanket module availability is shown as a function of the overall blanket (60 
modules) availability. Note that the module availability requirement exceeds 
99% for blanket availability goals exceeding 503!. Typical required test times 
to provide an 80Z confidence in the required module availability for different 
values of the MTTR (which imply different MTBF requirements) are also shown in 
the figure. 

Based upon both of the above analyses, it appears that the goal of devel
oping a reliability data base for blankets in an IKTOR class facility would be 
difficult but not impossible. 
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Figure 2.6.4-1 Blanket nodule avai labi l i ty and typical test ing requirements meeting the 
80*. confidence level CJ.5x KTBF). 



2.6.4.2 The Potential Impact of Reliability Development Testing 

In addition to taatlng for confidence In an estimated level of reliabil
ity, iterative dealgn/teat/flx aequencea which can result In component relia
bility Improvement are also of interest. Although a reliable predictive 
capability In this area cannot be obtained (no precedence for fusion nuclear 
components), Department of Defense systaras development documents' 2 0* 2 1' sug
gest the following general form of a parametric relationship between the 
component development/test time and the achieved component HTBF: 

WTSF - CI* 

where T is the testing time, m is a testing Improvement exponent (typically 
0.1 < a < 0.6), and C 1* a constant determined by the Initial component HTBF 
and initial testing time. The above equation presents an HTBF Improvement 
model which achieves a goal MTBF through a more or less aggressive (depending 
upon m) testing and development program but does not demonstrate the achieved 
MTBF in the statistical sense described above. 

The following analysis assumes that such an Improvement schedule can be 
achieved and goes on to consider the implications on the testing and develop
ment of blanket modules for the following typical fusion development pathways 
(see Section 2.7 for discussion). 

1) TFTR/TFTR-ir INTOR DEMO 

2) TFTR 
TFCX 

TDF 
ETFyEDF 

3) TFTR + 
TFCX 

MFTF-a+T. 
ETF/EDF 

The initial facilities in these pathways are expected to be oriented primarily 
towards confinement physics goals, while the intermediate engineering facili
ties (e.g., INTOR, TDF. and HFTF-a+T) are Intended to achieve engineering 
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(e.g., reliability improvement) goals. In the first pathway, an INTOR class 
facility (~ 600 MW) would be a large tokamak which would bread most of Its own 
tritium in nine of the ten toroidal sectors <slx blanket Modules per sec
tor). This facility would develop and test sore advanced blanket concepts for 
the DEMO in the tenth blanket sector. Therefore, 54 of 60 modules would be 
dedicated to tritium breeding, while six of 60 modules would be used for 
testing and development. In comparison, the TDF class facility would include 
only the latter six modules and the MFTF-atT facility would differ from TDF 
only in Its lower overall availability. 

In the second and third pathways, the complications caused by relying 
upon unproven tritium breeding modules are avoided by operating the engineer
ing test facilities at a low enough fusion power to purchase tritium from an 
external source. In contrast, an INTOR class facility will be required to 
suffer through any availability reductions which are caused by in-situ tritium 
breeding. Consequently, it is expected that a TDF class facility will operate 
at a higher availability and will achieve the MTBF goal for blanket test 
modules more quickly than the INTOR class facility. 

The availability logic for the DEMO and ETF/EDF facilities would be 
similar to those for INTOR (i.e., 60 blanket modules in series). In the first 
and second pathways, the blanket test module availability would be improved as 
a result of iterative design/test/fix sequences In INTOR and TDF, respec
tively. The result would be the achievement of a goal MTBF sufficient to 
provide a high initial level of nuclear system availability to support DEMD or 
ETF/EDF Initial availability (after a three-year startup phase) of 30X or 20X, 
respectively. In the third pathway, MFTF-ct»-T is expected to begin the 
deeign/test/fix program but Is not expected to provide sufficient test time to 
achieve the reliability goal. In this case, the ETF/EDF of the third pathway 
would complete the reliability growth program. 

For each engineering facility, availability models were developed which 
describe the influence of component failures on facility availability. The 
facility availability, in turn, determines how much calendar time is required 
to accomplish testing and development goals. In this analysis, the time 
required to achieve a relatively low but acceptable blanket nodule MTBF of 
87,600 hours in the three pathways WSB calculated based on the parameters 
shown in Table 2.6.4-1. Shorter testing times resulted in lower HTBFs and 
lower initial availabilities for the DEMO and the ETF/EDF. 
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Table 2.6.4-1 Key Assumption* in the Availability Analysis 

Blanket Test 
Modules 

Blanket Tritium 
Breeding Modules 

Initial KTBF (tire) 9760 25263 
Initial teat experience (hra) 758 2374 
HTTR (bra) 336 672 
Goal MTBF 87600 87600 
Test improvement factor 0.50 0.10 
Experience factor* 0.50 0.50 

'(credit for N modules/credit for 1 module) " N n, where n is the experience 
factor, 0 < n < 1. 

The calendar times required to achieve the nuclear system MTBF levels 
required to support the above initial facility availabilities are shown in 
Fig. 2.6.4-2. Pathway 2 achieves the 87,600 blanket module KTBF goal in 10.3 
calendar years as compared to the 24.3 calendar years for the same WTBi' along 
Pathway 1. This is because the unproven tritium breeding modules in the INTOR 
class facility result In slow availability growth such that testing takes a 
relatively long tine. Pathway 3 is not shown in the figure, but it takes 
about 21 years in MFTF-a+T and the ETF/EDF to achieve an initial EDF availa
bility goal of 3051. 

Parametric studies performed over the parameters shown in Table 2.6.4-1 
indicate that the relative performance of the three pathways is not expected 
to change. However, In some cases, the two differences among the three path
ways are much longer than indicated here; but, in some cases, the development 
tines become so short or so long that there is little difference among the 
pathways. 

In summary, these results Indicate the vulnerability of an INTOR class 
facility to excessive downtimes from random failures when it Is required to do 
component development and testing and tritium breeding. This concern does not 
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ur<.<|uely demonstrate that IHTOR claaa facilities cannot achieve leaaonable 
gv.il*. Th* raeulta do, however, indicate that the relative difficulty of 
achieving HTBF goala In auch a facility could be high compared to less aabi-
tioua facilititt which are not required to breed tritium. 
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2.7 Fusion Research and Develop—nt Scenarios 

A principal objective of FINESSE Hill be the development of a recommenda
tion regarding the types and sequences of experimental and test facilities 
vhlch are expected to he best suited for the R&D of fusion nuclear technolo
gies. As a first step towards fulfilling this objective, a preliminary 
screening evaluation of many possible technology R&D pathways was performed. 
A limited number of pathways (perhaps four) will be developed in more detail 
during the second year of FINESSE. 

2.7,1 Planning Considerations 

In constructing a "roll-forward" logic for fusion R&D, the planner muet 
strive for a uniformity of assumptions and a consistency of ir^ic to the 
maximum extent possible. For example, the following five questions can be 
pivotal in determining the cost, risk, and schedule of fusion development 
pathways: 

• Must every near-term, D-T burning fusion facility operate in a physics 
mode which is presently perceived to be extrapolatable to a reactor-
relevant "strategic goal" of the program? For example, will a non-
ignited, beam driven physics Mode be acceptable for an early tech
nology facility if it results in a lower cost and/or risk? 

• Hill early experimental fusion technology facilities be required to 
provide much or all of the tritium fuel required to sustain their own 
operation? 

• Hill the number of blanket structure/coolant/breeder combinations be 
reduced to one or a few principal options prior to performing experi
ments in a fusion facility? 

• Will the objective of experimental testing in the fusion environment 
be: a) screening for early failure modes, b) extended testing to 
achieve a reliability data base with a high statistical confidence, or 
c) a design/test/fix sequence for reliability Improvement? How will 
these objectives be modified in consideration of available facilities? 

• Will a high fluence, 14 MeV, Irradiation damage data base be available 
from point neutron sources prior to the extended operation of struc
tural and breeding materials in a fusion environment? How will the 
availability (or unavailability) of such a facility affect R&D 
planning? 
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In considering the first of these questions, It is Important to note that 
several of the-preliminary FINESSE R4D pathway scenarios will not require that 
early technology facilities operate in a reactor-relevant physics mode. For 
example, pathways which Include Fusion Engineering Research Facilities 
(FERFs), which do not necessarily feature reactor-relevant fusion plasma 
physics but operate in parallel with reactor-relevant Plasma Burning Experi
ments (PBXs), can receive favorable evaluations as FINESSE scenarios. 

The issue of tritium production in the first experimental technology 
facilities is most Important when the facility has a high fusion power 
level. For example, an INTOR class facility/2' with a 500 MW fusion power 
level and an ultimate capacity factor of 40X would burn about 12 kg of tritium 
per year. As shown in Fig. 2.7-1, a steady supply of 2.8 kg/yr tritium from 
the Canadian nuclear program/ ' starting in 1988, would sustain this level 
of operation only if an internal tritium breeding ratio (TBR) of about 0.8 
could be achieved. If the fusion power were reduced to 200 MW, a 0.5 TBR 
would still be required. Conversely, even if the tritium were available for 
purchase (e.g., from a U.S. military stockpile), the cost might be prohibi
tive. If all of the tritium required to sustain a 500 MW fusion power level 
were available at a cost of $10,000-$20,000/g, the annual operating cost for 
tritium alone would be In the range of $120-$240 milllon/yr. 

Any requirement for in-situ tritium breeding impacts the cost of the 
facility, but, more Importantly, it Impacts Its operational risk. That is, it 
is not clear that an operational tritium breeding blanket which is reliable 
enough to enable a 30-402 overall facility availability can be developed for 
this application with no prior testing in a fusion environment is available. 
The apparent paradox of not being able to develop a reliable blanket until 
such a blanket exists has been explored in some detail (see Section 2.6.4) 
with the result that it appears prudent to penalize any first generation 
fusion facility which requires a large in-situ TBR. 

The number of combinations of blanket coolants, tritium breeding state-
rials, and structural materials presently being considered by the fusion 
community is enormous^ ' and the cost impact of continuing to carry several 
options will increase as the program progresses to performing blanket experi
ments on fusion technology facilities. Each type of blanket will require many 
experiments and tests and can have unique and far-reaching requirements 
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Figure 2.7.1-1 Tritium breeding ratio needs for 2.8 kg/yr tritium supply 
rate (starting 1938) with startup of fusion device delayed 
until 1995. 

regarding safety, tritium release, power conversion, and remote maintenance 
systems. It is expected that a dramatic reduction in the number of blanket 
concepts will be required so that a development program of reasonable scope 
and cost can be conducted. 

Choices for the objectives of experiments to be conducted in fusion 
facilities determine the requirements on such facilities; therefore, they must 
be carefully considered in R&D scenarios. Specifically, some possible 
objectives of the experiments are as follows: 

« Obtain required data points by conducting experiments for fixed and 
predetermined periods of time. Such data would include any 
information necessary for gaining sufficient understanding of new 
phenomena such that an evaluation and comparison of the feasibility 
and attractiveness of candidate concepts can be conducted. 
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• Identify design flaws and early failure modes by conducting beginning-
of-life screening tests. 

• Implement reliability Improvement goals in addition to the Identifica
tion of early design flaws and failure modes by conducting iterative 
deslgn/test/fix/test sequences. 

• Generate sufficient data to support a high statistical confidence In 
the reliability of components by conducting long-term operation/test 
programs. 

Among these, the first type of experiments can apply to any type of test 
(e.g., basic, single effect, multiple effect, Integral and component), while 
the second is most applicable to multiple-effect and integral experiments, and 
the latter two objectives ate most applicable to component testing in a fully 
Integrated environment. The amount of time required to conduct the second 
type of experiments depends upon the particular design features, but is typi
cally measured in hours or dayB. In contr/ist, the time required to perform 
the first, third or fourth type of experiments can be much longer. . 

A key determinant of the size (as opposed to the time duration) of a test 
program is the number of identical test articles in the test matrix which are 
required to provide acceptable test statistics. For example, to establish 
data to a goal fluence, NH test articles could be required, where M would be 
the number of identical test articles required to achieve adequate test sta
tistical confidence and N is the number of intermediate fluence values at 
which data is needed from destructive test article examination. Some reason
able observations about the value of H are: 

e M » 1 is the minimum but can lead to misleading results if spurious 
materials or manufacturing defects (e.g., bad welds) are present in 
the test article. 

• M « 2 or 3 should be sufficient to eliminate some of the above con
cerns. 

• M > 3 will provide good test statistics but can result in a large 
number of test articles. 

The required test periods and the required number of test articles have not, 
as yet, been considered in detail. 

A final consideration in the creation of R&D scenarios is the possible 
future availability of a facility to generate a data base for high fluence 
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irradiation damage due to high energy neutrons. Candidate facilities include 
accelerator-based neutron source experiments (e.g., FWIT class but possibly 
more modest) which would be operated prior to or in parallel with fluence 
testing in fusion technology facilities. In the abuence of a high energy, 
high fluence calibration, there is a significant risk of experiencing unantic
ipated damage phenomena which could result in a premature and systemmatic 
failure of the blanket structure and/or other structural components. With a 
high fluence calibration, it will be possible to consider a program of act-
alike, but low fluetics, fusion testing as a reasonable compromise to provide a 
basis for proceeding to the minimum acceptable demonstration facility. 

It is important to emphasize that any successful fusion technology devel
opment pathway will .1 icorporate the maximum utilisation of both existing 
experimental facilities and any new facilities that can provide a substantial 
risk reduction or long-range cost savings. To provide the greatest leverage 
with available funding, it is reasonable that experimentation in such precur
sor facilities should initially concentrate upon the Investigation of critical 
feasibility issues for which an unfavorable resolution might lead to the 
unacceptability of a given design option (e.g., MHD flow effects in self-
cooled liquid metal blankets might prove to be excessive). A second priority 
would be the resolution of poorly understood physical phenomena (e.g., tritium 
recovery from solid breeders). Beyond this, the test program should be plan
ned to develop key engineering data bases for subsystems which will be used in 
the first generation of fusion facilities. 

2.7.2 Fusion Experimental and Test Facilities 

As a first step towards the evaluation of fusion technology development 
scenarios, a Bet of generic definitions for major fusion facilities was devel
oped. These definitions, sumnarized in Table 2.7-1, apply to both tokamaks 
and tandem mirrors (as well as other confinement concepts) and were used as 
guidelines In the construction of the various R&D scenarios. It is not 
required that each pathway include each type of facility. For example, sev
eral of the candidate pathways which have been included in the preliminary 
evaluation move directly from a plasma burning experiment (PBX) to an engi
neering test facility (ETF) followed by an engineering demonstration facil
ity. Other pathways Include an early fusion engineering research facility 
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Table 2,7-1 Descriptions of Major Fusion Development Pathway Facilities 

Plasma Burning 
Experiment (PBX) 

Fusion Engineering 
Research Facility 

(FERF) 
Engineering Test 
Facility <ETF) 

Engineering Demon
stration Facility 

(EDF) 

Mission Develop understanding 
of burning plasma 
operation and opti
mization. 

Investigate operation 
of fusion components 
in a high duty cycle 
nuclear environment. 

Optimize and test 
fusion technologies 
using a reactor 
relevant mode of 
operation. 

Provide an engineering 
demonstration of the 
technology at reason
able availability. 

Description Configuration rele
vant to resolve 
major plasma physicB 
issues* 

Configuration rele
vant to nuclear 
experimentation. 
Capability for 
several experiments. 

Fully integrated 
environment suit
able for testing 
majority of inter
active effects. 

Nearly all systems 
prototypical but 
smaller than full-
scale commercial. 

Minimum Negligible. 

Negligible. 

~ 1 MW-yr/m2 at 
~ 1 MSVm 2. 

Tens of runB per 
year. 

~ * m-yr/m2 at 
- 1.5 MT/m 2. 

Ultimately ~ 30%. 

~ 8 MJ-yr/m2 at 
~ 3 r»/n 2. 

Ultimately ~ 50Z. 

Fluence/Flux 
Goals 

Minimum 
Availability 

Negligible. 

Negligible. 

~ 1 MW-yr/m2 at 
~ 1 MSVm 2. 

Tens of runB per 
year. 

~ * m-yr/m2 at 
- 1.5 MT/m 2. 

Ultimately ~ 30%. 

~ 8 MJ-yr/m2 at 
~ 3 r»/n 2. 

Ultimately ~ 50Z. 

Risk/Schedule Risk can be high. 
Should be first 
facility in path. 

Risk as a neutron 
provider must be 
lov. Experimental 
risk can be higher. 

Only test articles 
can be high risk. 

Only higher fluence 
tests (> 4 MW-yr/mz) 
can be risky. 

Facility 
Examples 

TFCX, LITE, 
MFTF-a+T 

MFTF-a+T, TDF, 
FED-R 

INTOR, FPD STARFIRE/DEHO 



(FERF), but eliminate the flrat generation BTF and replace it with a note 
advanced engineering teat facility which can be upgraded to a firat generation 
engineering demonstration facility (EDP). Such a facility la designated aa an 
ETF/EDF and la considered to be about one-half atep beyond the first genera
tion ETF of Table 2.7-1. 

Other facilities and facility combinations, which reflect possible up
grades, are defined as follows: 

• SFE/SPE-U: Scientific feasibility experiments (SFEs) such as TFTR and 
MFTF-B night be upgraded for scenarios which proceed directly from the 
SFE to an ETF. The SFE-U mission would be less ambitious than that of 
the PBX due to the limitations of existing facilities. 

• PBX/FERF: An upgrade of a burning core experiment during a second 
phase to perform experimentation/testing in a fusion nuclear environ
ment is a reasonable option for consideration, but is expected to 
substantially Increase the Initial coat of the PBX. 

It is important to emphasize that the primary mission of the FERF ia to 
explore scientific and engineering phenomena involving the operation of fusion 
components In a fusion environment. The tritium breeding blanket Is typical 
of components which would be a key part of the FERF experimental program, but 
other components which would be investigated include plasma interactive compo
nents, instrumentation and control systems, remote maintenance systems, trit
ium control systems, safety systems, radiation tolerant magnetic colls, and 
environmental control systems. 

The most important requirements for a FERF Include steady-state plasma 
operation or long burn with a high duty cycle, an ability to simulate act-
alike performance for blanket modules (and other components), and the availa
bility of a sufficiently large test cell area, A minimum neutron wall loading 
of about 1 MW/tn2 is required and a high fluence capability is desirable if the 
facility capital cost, tritium requirements, electricity costs, and other 
operating costs are reasonable In an overall budget context. The FERF must 
have a low physics risk as a neutron provider. An ignited mode of plasma 
operation is not required. The risk in screening blankets and other compo
nents (a primary mission) can be higher than the physics risk. 
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2*7.3 Fusion Dsvelon— nt Tathway and Evaluations 

A list of flenaric fusion development pathways Is provided in Table 2.7-
2. Typical example cases for cokamsk and tandem nlrror development (desig
nated JT , n d S) * r* * 1* 6 *no«n. It la Important to note that both major con
finement schemes can contribute to a given development pathway. For example, 
both tokamak development pathways of generic pathway D (see Table 2.7-2) 
include FERF claria facilities which would be small, neutral beam driven tandem 
nlrror test facilities (I.e., WTF-o+T and TDF). Such facilities can be vety 
attractive In the tokamak development pathway* because they promise a high 
fusion power density (i.e., wall loadt.j) at a relatively low cost (see 
Section 2.6.2). 

Three pathway milestones which define a uniform set of development path
way goals have been defined. These are designated according to the accumu
lated neutron fluence and facility availability a* follows: 

• Engineering Feasibility Milestone: The achievement of a 2 HW-yr/m2 

neutron fluence over several teata and test articles In a FERF or ETF. 
• Intermediate Fluence and Availability Wilestones1 An accumulated 

neutron fluence of 4 Mf-yr/m* on a sufficient number of act-alike 
component tests and/or test modules to resolve key development Issues 
for the operation of an EOF at an average availability of ~ 30%. 

• Engineering Demonstration Milestones! An accumulated neutron fluence 
of 8 MM-yr/a on nuclear components and an average availability 
of ~ 50Z in the near-prototypical EDF. 

The first of i:hese, "engineering feasibility," is intended to be 
analogous to the "scientific feasibility" milestone for fusion plasma physics 
experiments. The second milestone, "intermediate fluence and availability," 
would ho sufficient to qualify components for intermediate life conditions in 
an EDF. The "engineering demonstration" milestones correspond to the minimum 
fluence and availability which might be sufficient to qualify components for 
end-of-life conditions In the first coamerclal-'scale fusion reactor. The 
years in which these milestones are Achieved depend upon assumptions regarding 
when the first facilities in each of the respective pathways might operate, 
the operating availabilities of those and subsequent facilities, their 
respective neutron wall loadings (to achieve fixed fluence goals), and various 
Interface assumptions. 
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Table 2.7-2 Generic Fualon Development Pathways and Typical Examples 

k) SFE/SFE-0 •*• ETF + EDT 
1) Ts TFTR/TFTR-U + IHTOR •* STARFIRE/DEMO 

2) M: MFTF-B/MFTF-D + FPD + EDF 

B) SFE + PBX •»• BTF + EDF 

1) T: TFTR + TFCX + ETF + EDF 

2) M: MFTF-B * MFTF-a + FFD + EDF 

C) SFE + PBX/FERF + ETF/EDF 

1) T: TFTR + TFCX/TFCX-0 + ETF/E3F 

2) M; MFTF-B •»• MFTJ-aKT + ETF/EDF 

D) SFE/SFE-U 
+ ETF + EDF 

FEPF ' 1 
PFj 

I ) T{ TFTR/TFTR-U " 
+ ETF + EDF 

MFTF-a+TJ 

2) T: TFTR/TFTR-Ol 

TDFJ 
ETF • EDF 

3) M: None 

E) SFE + PBX " 

FERF. 
+ ETF + EDF 

0 T: TFTR + TFCXl 

MFTF-O+TJ 
+ ETF + EDF 

2) 

3) 

T: 

M: 

TFTR 

None 

+ TFCX"| 

TDFJ 
+ !*TP + EDF 
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Table 2.7-2 Ganarlc Fuaion Davalcpawnt Pathway* and Typical Examples (contd,) 

F) SFE + FBI"] 
+ ETF/EDP 

FEKFJ 

1> T: TFTR + WCX"| 

HFTP-a+rJ 
ETF/EDF 

2) T: TFTR + TFCX"J 

TDPJ 
ETF/EDF 

3) T: TPTR + TFOfi 
1 + ETF/EDF 

FERF (Toku«k)J 

4) H: MFTF-B + MFTF- a"] 

TDFJ 
+ ETF/EDF 

G) SFE + PBXf 
+ FOF 

FERFJ 

1) T: TFTR + TFCX"] 

FERF (Tokaaak) J 
EDF 

2) Mt MFTF-B + MFTF-ol 

TDFJ 
+ EDF 0 

The following tokamak R&D pathways were subjected to a preliminary evalu
ation during the first year of FINESSE: Al, Bl, M , B2, and F2. Pathways Al 
and Bl are "conventional" pathways which have received a large amount of 
consideration during the past decade. Pathways D2, E2, and F2 are of partic
ular interest because they attempt to utilize a tandem nirror FERF in a toka-
mak development pathway. For the preliminary evaluation, it is assumed in all 
pathways that the issue of Irradiation danage calibration is adequately 
resolved prior to construction of the EOF. Pathways not considered In the 
preliminary evaluation will be considered during the first part of the second 
year of FINESSE. 
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Comparing development pathways Al, Bl, D2, E2, and F2, our preliminary 
ranking would be In reverse order of the above list (I.e., F2 ranks high
est). As shown In Table 2.7-3, pathway Al, featuring a scientific feasibility 
experiment upgrade (SFE-U) followed by an RTF, is expected to result In a high 
level of risk despite impressive cost and achedule attributes. This level of 
risk may be unacceptable. Pathway Bl reduces the level of risk by providing a 
PBX prior to' the RTF. Nevertheless, the risk in integrating and testing 
nuclear components in the BTF remains high. 

Pathway D2 removes the PBX but adds a FERF. In this case, the nuclear 
risk Is reduced but the physics risk Is increased relative to pathway Bl. The 
time required to achieve the demonstration milestone is extended by about five 
years, Increasing the overall funding requirements. 

Pathway B2 features both a PBX and a FERF. In thle case, the risk is 
acceptable but the near-term and overall costs are large due to the large 
number of major facilities. Some apparent advantage is provided by combining 
the ETF and the EDF in pathway F2. In the later case, the risk is increased 
but the overall cost and schedule are improved. Consequently, pathway F2 
appears to be the most attractive of thoae considered in the preliminary 
evaluation. 

Additional pathways which appear to be promising include those which 
feature a PBX and a low fluence FERF (e.g., HFTF-orKT upgrade of Chapter 13), 
leading to an ETF or an ETF/EDF. Comparing the latter cases (i.e., pathways 
El and Fl) with pathways E2 and F2, the risk would increase somewhat, but the 
engineering demonstration milestone W O M U be achieved more quickly and the 
near-term funding requirement would be more r™. ''srate. The inclusion of an 
FMIT class facility in auch a pathway would help to ameliorate the risk. 

2.7,4 International Implications 

Clearly, enhancing fusion technology R&D effort Implies a near-term 
funding requirement which Is in excess of current fusion funding levels of any 
of the large national and multinational programs in the U.S., Europe or 
Japan. Consequently, international cooperation might prove to be the most 
effective means of achieving a well balanced and aggressive fusion development 
program. Although the FINESSE program has made no serious attempt at defining 
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Tabl* 2,7-3 Summary of Preliminary Evaluations 

Pathway Al U D2 E2 F2 

Fusion 
Facilities 

SPE-B 
ETF 
EDF 

PK 
ETF 
EDF 

SFE-U 
FERF 
ETF 
EDF 

pax 
FERF 
ETF 
EDF 

PBX 
FERF 

ETF/EDF 

Overall Opera
tional RlBtt 

High Mod to High Mod to High Low Low 

Nuclear Testing/ 
Development Risk 

High High Low to Mod Low to Mod Low to Mod 

Engineering 
Feasibility Mile
stone Sate 

2005 2008 2002 2002 2002 

Engineering 
Demonstration 
Milestone Date 

2020 . 2023 2028 2026 2023 

Near-Term Funding 
Required 

Low to Mod8 Mod Mod High High 

Overall Funding" 
Required 

Low Mod Mod to High High Mod 

Rank 
(No. 1 - Best) 

5 4 

1 
3 2 1 

aAssumlng ETF is not built and, hence, cost not included, in the near ten. if 
ETF Is built In the near term (e.g., on the sane tine frame as PBX and FERF In 
Pathway F2), the near-term funding changes to high. 

Possible increases in cost due to possible failures In the high-risk pathways 
are not Included. 

an international strategy which resolves the oyrlad of institutional difficul
ties which would be sure to arise, some reasonable observations regarding 
possible frameworks for such a venture follow. 

First, it Is observed that many types of experiments and facilities could 
be Involved in an international strategy. These might include (but would not 
be limited to) non-nuclear test stands, partially integrated test facilities, 
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point accelerator neutronica facilities, fission test reactors, accelerator-
based irradiation damage facilities, scientific feasibility experiments for 
advanced confinement concepts, plasna burning experiments for established 
confinement concepts, and fusion englneiJng research facilities. Many oppor
tunities for international cooperation can be available. 

Second, it is observed that the time to develop fusion will be long and 
that no nation is likely to derive an early economic advantage. Consequently, 
the philosophical basis for a long-range developmental agreement exists. 

Third, three cooperative mechanisms are apparent candidates for inter
national participation: 

• Several nations could jointly sponsor the same, shared facilities and 
experimental programs. 

• Individual nations could construct and operate separate but 
complementary facilities• 

• Several nations could jointly sponsor one or more "user facilities" 
(e.g., a FERF) and maintain their own R&D strategies by conducting 
separate experimental programs. 
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