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FOREWORD 

This document is an Interim report on the STARFIRE/DEMO Study, which was 

begun in FY 1981 with the basic goal of providing a technical perspective and 

conceptual design of a tokamak reactor to follow a tokamak Fusion Engineering 

Device (FED). The study will be completed in September, 1981, and a final 

report will be issued soon thereafter. 

The first phase of the study was concluded with a two-day workshop held 

at ANL on January 20-21, 1982. The purpose of the workshop was to review the 

work of the first year of the DEMO Study and provide recommendations for the 

work to be carried out during the remainder of FY 1982. The basic format of 

the workshop was as follows: The participants were divided into five working 

groups, which examined in detail specific key issues of the DEMO Study. Each 

group listened to a presentation by a tnember of the DEMO team and then 

discussed and formulated reconraiendations which were summarized by the group 

chairman, who was not a member of the DEMO team. The workshop agenda, working 

group chairmen, list of participants, and recommendations are presented in 

the Appendices. 

This docutnent was provided in draft form to the workshop participants 

prior to the workshop. Some minor changes have been made to the draft report 

since the workshop, but no major changes were tuade as a result of the workshop 

recotnmendations. Rather, these recoimnendations will be used in directing the 

work for the remainder of FY 1982. It should be noted, therefore, that the 

DEMO parameters listed herein should not be identified as the reference DEMO 

design. The reference design will be developed for inclusion in the final 

report at the conclusion of the study. 

lii 



ACKNOWLEDGMENTS 

We would like to express our appreciation to C. Karney (PPPL) for the use of 

a ray tracing code. We would also like to thank D. Riser (MDAC) for the 

preparation of certain illustrations. In addition, a special thank you is 

extended to C. Hytry, L. Legerski, M. Pagnusat (ANL) and R. Seger (MDAC) for 

the typing and assembly of this report. 

iv 



Table of Contents 

Chapter Page 

1 Introduction 

Chapter 1 Ust of Figures 1-11 

Chapter 1 List of Tables 1-il 

1.0 Introduction 1-1 

1.1 Study Objectives and Approach 1-1 

1.2 Role of the DEMO 1-2 

1.3 Selection of Key Design Features and Parameters 1-6 

1.4 Key Design Issues for Major Components 1-12 

References for Chapter I 1-41 

2 Steady-State Current Drive 

Chapter 2 List of Figures 2-li 

Chapter 2 List of Tables 2-v 

2.1 General Design Considerations 2-1 

2.2 Particle Beam Drivers ..2-16 

2.3 Wave Drivers 2-53 

References for Chapter 2 2-88 

Appendix to Chapter 2 2A-1 

« 

3 Impurity Control and Exhaust 

Chapter 3 Ust of Figures 3-lli 

Chapter 3 List of Tables 3-iv 

3.1 Introduction 3-1 

3.2 Engineering Tradeoff Considerations 3-10 

3.3 Plasma Engineering 3-13 

3.4 Vacuum System 3-29 

3.5 Materials 3-30 

3.6 Thermal Hydraulics 3-45 

3.7 Stress Analysis 3-53 

3.8 Summary and Conclusions 3-65 

References for Chapter 3 3-67 

Appendix to Chapter 3 3A-1 



Table of Contents (continued) 

Chapter l2Si. 

4 First Wall and Blanket 

Chapter 4 Ust of Figures 4-lv 

Chapter 4 List of Tables 4-viil 

4.1 Introduction and Strategy 4-1 

4.2 First Wall/Plasma Interactions 4-3 

4.3 LljO Breeder Blanket 4-35 

4.4 Li-Pb Alloy Breeder Blanket 4-129 

References for Chapter 4 4-192 

5 Configuration and Maintenance 

Chapter 5 Ust of Figures.. 5-li 

Chapter 5 List of Tables 5-ili 

5.1 Introduction 5-1 

5.2 Reference Reactor Configuration 5-2 

5.3 Design Approach Selection 5-8 

5.4 Vacuum Pumping System 5-44 

5.5 Maintenance 5-57 

References for Chapter 5 5-65 

Appendix A STARFIRE/DEMO Workshop - Agenda A-1 

Appendix B STARFIRE/DEMO Workshop - Working Groups A-2 

Appendix C STARFIRE/DEMO Workshop - Ust of Participants A-3 

Appendix D STARFIRE/DEMO Workshop - Recommendations A-5 

vi 



CHAPTER 1 

INTRODUCTION 





Chapter 1 

Table of Contents 

Page 

1.0 Introduction 1-1 

1.1 Study Objectives and Approach 1-1 

1.2 Role of the DEMO 1-2 

1.3 Selection of Key Design Features and Parameters 1-6 

1.4 Key Design Issues for Major Components 1-12 

1.4.1 Steady State/Current Driver Options 1-14 

1.4.2 Impurity Control System 1-21 

1.4.3 First Wall/Breeder Blanket 1-26 

1.4.4 Configuration and Maintenance 1-34 

References for Chapter 1 1-41 

1-1 



Chapter I 

List of Figures 

Page 

Normalized current density to power density ratio for 
various drivers 1-16 

1-2 Gross power (0.36 Pj) for DEMO reactor and net 
electric power for three driver candidates operating 
at different temperatures; R^ = 5.2 m and I = 9.01 MA. 

P„ E (0.36 Pf) - 22 - Pj ( n a u ^ ) ' ^ i " " " l " ! ' 

1-3 DEMO reference design 1-40 

List of Tables 

Page 

Range of Parameters for DEMO 1-7 

Plasma Power Balance for DEMO 1-9 

Major Design Parameters for DEMO 1-11 
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1.0 Introduction 

This document represents an Interim report on the STARFIRE/DEMO Study, 

which was undertaken at the completion of the STARFIRE Cotnmercial Tokamak 

Fusion Power Plant Study in October, 1980 ^^'. Major contributors to the DEMO 

Study include Argonne National Laboratory and McDonnell Douglas Astronautics 

Company, with support from General Atomic Company, The Ralph M. Parsons 

Company, and Physics International Company. It should be noted that a 

substantial portion of this effort was redirected during the past year to 

permit the team to support the International Tokamak Reactor (INTOR) Study. 

This section outlines the STARFIRE/DEMO Study objectives and approach, role of 

the DEMO in the national magnetic fusion energy program, rationale for 

selection of key design features and parameters, and an overview of the key 

issues considered thus far in the study. 

1.1 Study Objectives and Approach 

The past several years has seen substantial progress in the U.S. and 

world fusion energy programs. In particular, successes in the tokamak 

research program have resulted in a high degree of confidence that the Tokamak 

Fusion Test Reactor (TFTR) will produce a Q = 1 experiment and, thus, 

culminate the demonstration of the scientific feasibility of fusion. This has 

stimulated a substantial effort on defining the next step in the tokamak 

development program as well as defining a program to demonstrate the 

engineering feasibility of fusion energy. This activity has centered around 

the concept of a Fusion Engineering Device (FED) ^^' and has been supported by 

the INTOR project. ^^^ At the same time, the STARFIRE Study and other tokamak 

reactor designs have examined the potential coiimiercial applications of the 

tokamak approach. We have, then, a situation where one has a firm picture of 

the current research program (ongoing experiments and TFTR), a pre-conceptual 

design of FED and INTOR, and a perspective on the long-range goal of a 

coiimiercial reactor (e.g., STARFIRE). 

A major issue for the U.S. magnetic fusion energy program is the 

determination of the step or steps between FED and a commercial tokamak 

reactor. While we are concerned here with the development path for tokamaks, 

it is recognized that there are other viable commercial reactor concepts. By 

attempting to better understand the development steps for tokamaks, it is 

further anticipated that much useful information will be generated of 
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relevance to the other magnetic fusion concepts. Also, a better definition or 

the post-FED step will provide very useful feedback to the FED project in 

terms of its mission and desirable design features. In fact, features viewed 

as desirable for commercial reactors (e.g., RF heating with current drive and 

pumped limiters) are being considered for the FED. 

The basic goal of this study is to provide a technical perspective and 

conceptual design of the tokamak device that might follow the FED. The role 

of such a device in the overall program is discussed further in the next 

section. The effort has focused on designing the key features of such a 

device with the objective of providing design information for guiding the 

research and development efforts. During the FY 1981 period, emphasis was 

placed on the following five key areas: (1) DEMO objectives and parameters, 

(2) steady-state operation with various current drive options, (3) impurity 

control options, (4) first wall/blanket design options, and (5) overall device 

configuration. The approach has been to examine several options in sufficient 

detail to provide an adequate basis for a more in-depth study of a selected 

set of options during the remainder of FY 1982. While a reference conceptual 

design for the DEMO will be developed, less emphasis will be placed on a 

single design point (as was done in the STARFIRE study) and more emphasis will 

be placed on exploring major design features. Certain areas (e.g., plant 

design) will receive relatively little effort. However, a sufficiently 

detailed design will be developed to provide a reasonable preliminary cost 

estimate for the DEMO. 

1.2 Role of the DEMO 

The objectives and requirements of the DEMO can only be viewed as a part 

of a comprehensive fusion research and development plan. Because the required 

research and development programs are substantial and because the time scale 

involved is long, the fusion development plan has to remain flexible. 

Consequently, the missions (and even the number) of the various devices to be 

constructed between now and fusion conmiercialization cannot be firmly 

determined at this time. The focusing and sharpening of the objectives and 

features of the specific devices will occur as a part of an evolutionary 

process over a number of years. One pjrpose of this study is to define a set 

of objectives for the DEMO that can serve as input to this evolutionary 

process. 
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Given that the number of steps between TFTR and a commercial tokamak 

reactor cannot be completely defined, and given the ongoing FED activity, it 

was decided that this study should focus on the step after FED. This approach 

would then provide a basis for determining the next reasonable step after FED 

and, by examining the requirements for a conmiercial reactor, provide a 

perspective on the number of steps between FED and a commercial-grade device. 

The perspective adopted for the DEMO study is that, before several 

cotimierclal planta are built with solely private financing, there will likely 

be a device, which we termed a First Commercial Demonstration Reactor (FCDR), 

that will be built and operated with government funds or perhaps with some 

combination of government and private funds. This device would be a 

cotimiercial reactor in all known aspects, except for the fact that as a still 

somewhat first-of-a-kind tnachine it would be developmental in nature and would 

surely result in definition of many design improvements. The primary function 

of FCDR would be to convince utilities that fusion is ready for 

commercialization and can be taken over by utilities at acceptable risk. 

DEMO'S role in this scenario would be to demonstrate commercial reactor 

features and subsystems and show that the risk in developing an FCDR is 

acceptable to the fusion development program. DEMO's objectives are than 

determined on a "roll-forward" basis from FED; it does not necessarily have to 

achieve the degree of reliability and performance expected of a fully 

commercial demonstration reactor. 

« 

With the foregoing in mind, let us examine the role of the DEMO. We have 

adopted the point of view that the principal goal of FCDR is to demonstrate 

economic competitiveness. This leads to some important conclusions. The DEMO 

does not need to produce economically competitive electric power. It needs 

only to demonstrate that it extrapolates to an economically competitive 

system. This will be done during the design and development effort for DEMO 

and during early operation. A primary requirement for FCDR to be economically 

competitive is that it achieve a plant availability factor of ~ 65-75%. 

Minimizing the risk in achieving such an availability factor in FCDR requires 

that: (a) extrapolation of technologies from the DEMO to FCDR should be 

straightforward—practically all technologies to be used in FCDR must be 

demonstrated in the DEMO; (b) extrapolation of performance parameters between 

the DEMO and FCDR should be minimized; and (c) achievement by DEMO of a 

sufficiently high availability during initial operation so that the additional 

improvement in availability required for FCDR can be shown to be a reasonable 
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extrapolation, after modifications that were identified during the operation 

and construction of DEMO and the data obtained from tests in other development 

programs are incorporated. 

The above considerations provide incentives for constructing as advanced 

a DEMO as necessary to minimize the risk for FCDR. On the other hand, there 

are incentives for constructing a "less-advanced" DEMO in order to minimize 

the risk associated with the construction and operation of the DEMO itself. 

The extrapolation from FED to the DEMO must be kept reasonable. An 

examination of the results of FED and commercial reactor studies carried out 

over the past several years indicate that the advances required in technology, 

component reliability, and availability between FED and FCDR are very 

substantial. To minimize the risk associated with FCDR, the burden of 

demonstrating the required advances in physics and technology beyond FED will 

have to be borne by the DEMO and complementary development programs. All FCDR 

technology and physics requirements which are not demonstrated in FED will 

represent risks deferred from FED that must be taken in the DEMO. Therefore, 

results derived from the STARFIRE/DEMO study should provide feedback into 

defining the requirements on FED. 

In reviewing past demonstration devices, a range of two to ten is typical 

for the step size (scale factor) in reactors from demo (pilot) to 

commercial. When only power plants are considered, the step size range 

reduces to approximately three to five. This range of step sizes was 

exhibited by the LWR (60 to 180 to 500 MWe). The Phoenix (French breeder) 

demo has an output of 230 MWe, and the Greys MalviUe commercial plant will 

have an output of about 1200 MWe. The Clinch River Breeder Reactor is 

designed for 350 MWe, and design studies for the Prototype Large Breeder 

Reactor show outputs of approximately 1000 MWe. A further example of step 

size is obtained by comparing the Fort St. Vrain HTGR, with an output of 330 

MWe, to the next units which were designed for 800 to 1200 MWe. Based on 

these prior examples, a fusion demo sized for 200 to 300 MWe would be 

appropriate. 

For the purposes of this study, we have made some broad assumptions 

concerning FED and the fusion development program: 

(1) FED construction and operation will demonstrate integrated 

technologies for confining, heating, fueling, and burn 
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control of the plasma. These include superconducting magnets, 

RF or other plasma heating technology, pellet injection or an 

alternative, vacuum, and tritium processing (except tritium 

recovery from the blanket). 

(2) A credible impurity control system will be developed through 

testing in FED and complementary physics and engineering 

facilities. 

(3) Although FED may not be operated in steady state, 

sufficient testing will be performed in FED and other 

complementary facilities to demonstrate the feasibility of 

steady-state operation before the construction of the DEMO. 

(4) Tritium-breeding blanket technology will be aggressively 

pursued by testing in fission reactors and other complementary 

facilities in order to select no more than three blanket 

concepts. Testing in FED will provide sufficient information 

to confirm the selection of the blanket design for the DEMO. 

(5) There will he insufficient time prior to construction of the 

DEMO to develop and qualify a structural material other than 

stainless steel. A combination of testing in FED, fission 

reactors, and other complementary facilities will provide 

the required information for stainless steel. Other 

materials will have to be qualified for special applications 

such as limiters or dlvertor collector plates. 

(6) An availability factor of about 20% or more will be achieved 

in FED. Learning experience from complementary technology 

development efforts and early FED operation will confirm the 

design extrapolation to the DEMO. 

(7) FED, together with parallel development, will provide a 

sufficient data base to permit safe operation of the DEMO. 

Based on the above assumptions, we can state the following broad 

objectives for the DEMO: 

(1) Demonstration of a level of performance for all components 

in an integrated power plant system which is satisfactorily 

1-5 



extrapolatable to a first commercial demonstration reactor. 

(2) Demonstrate system availability at a level which will be 

satisfactorily extrapolatable to a first commercial 

demonstration reactor. 

(3) Demonstrate Chat the tritium-breeding, nower-producing 

blanket can operate at conditions required for commercial 

reactors; i.e., a net tritium breeding ratio greater than 

unity, an acceptably low tritium Inventory in the blanket, 

a sufficiently high temperature operation to permit 

acceptable thermal conversion efficiency, and other 

requirements similar to other components (e.g., 

reliability, safety, lifetime, etc.). 

(4) Demonstrate safe and environmentally acceptable operation. 

(5) Demonstrate compatibility with utility grid operations 

including off-normal conditions. 

1.3 Selection of Key Design Features and Parameters 

Satisfying the DEMO objectives defined in the previous section requires 

that the DEMO design features and performance be as close as practicable to 

those of a commercial reactor. Two practical constraints must be clearly 

recognized: (1) the DEMO capital cost should be minimized; (2) the DEMO 

performance requirements should be consistent with a fusion research and 

development plan which realistically accounts for financial and time schedule 

considerations. The capital cost constraint primarily affects the selection 

of the DEMO size (physical size and thermal power). The constraint of a 

realistic fusion R4D plan has its major influence on the selection of the 

availability goal for the DEMO. The plant availability depends on the 

rellabiltty and lifetime of all reactor components. Therefore, achieving high 

availability is judged to be the most costly and time-consuming phase of 

fusion development. 

For given technological (e.g., maximum magnetic field) and physics (e.g. 

maximum beta) constraints, the minimum size that can be considered for the 

DEMO is defined primarily by Ignition requirements. The FED (10 T case) and 

INTOR designs shown in Table 1-1 provide the range for such a minimum. For a 
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Table 1-1. Range of Parameters for DEMO 

p— 

MWe (Net) 

R Cm) 

.^W 

Plasma Elongation 

B (T) 
max 

2 
Wall Loading (MW/m ) 

Availability 

B 

Q (Plasma) 

Plasma Heating 

Impurity Control 

Operating Mode 

Lifetime 

Tritium Breeding Ratio 

First Wall/Blanket Material 

Coolant 

TFTR 

20 Fusion 

2.5 

0.9 

1.0 

~ 

0.2 

0.012 

> 1 

Neutral Beam 

-

Pulsed 
1.5-s burn 

4 X 10^ 
Pulses 

SS (304 LS) 

FED 

180/450 

5.0 

1.3 

1.6 

8/10 

0.4/1.0 

0.1-0.2 

0.052 

5/50 

RF 

Pumped 
Liraiter 

INTOR 

620 

> 10 

5.2 

1.2 

1.6 

12 

1.3 

0.35 

0.056 

60 

Neutral Beam 
(RF Backup) 

Single-null 
Divertor 

100/50-s burn 

4 
5 X 10 
Pulses 

Experiment 

SS (316) 

100-s burn 

lo' 
Pulses 

0.6 

SS (316) 

HjO 

DEMO 

800-1000 

200-300 

5.0-5.3 

1.2-1.3 

1.6 

10 

1.5-2.0 

0.50 

0.06-0.08 

> 10 

RF or REB 

Limiter or 
Divertor 

Steady-state 
Driver? 

20 y 

> 1.0 

SS 

STARFIRE 

4000 

1240 

1.9 

1.6 

11 

3.6 

0.75 

0.067 

35 

RF 

Pumped 
Limiter 

Steady-state 

RF Driver 

40 y 

> 1.0 

SS (PCA) 

«2° 



maximum magnetic field, B̂ ^ - 10 T, and plasma elongation < = 1.6, the major 

and minor radii are in the range of R = 5.0-5.2 and a = 1.2-1.3. For the 

DEMO we selected B = 10 T in order to reduce the design risks and cost 

associated with higher fields. Furthermore, results from STARFIRE, INTOR, 

FED, and other studies indicate that K = 1.6 is a reasonable compromise 

between the benefits (higher beta) of increased elongation and the equilibrium 

field (EF) coils requirements, particularly when all these colls are placed 

outside the TF colls. The optimum blanket/shield thickness for a wide range 

of DEMO conditions was found previously to be A = 1.2 m. FED and INTOR 

operate at an average toroidal g of ~ 0.052-0.056. With these values defined, 

the minimum size device produces a neutron wall load, W^ ~ 1.0-1.3 MW/m . 

The size of FED and INTOR, slightly Increased to assure a comfortable 

ignition margin, is adequate for the DEMO except for the somewhat low value of 

the neutron wall load. Based on the results of STARFIRE and other studies 

(see, for example, Ref. 5), commercial tokamaks will likely operate with 

"n ~ 3-0-4.0 MW/m'. The Importance of the neutron wall load is that it 

directly impacts the power density and, hence, the performance characteristics 

and failure rate of the first wall and blanket. Therefore, it is very 

desirable to demonstrate high wall load operation in the DEMO. A higher wall 

load can be achieved only by: (a) increasing the power density in the plasma 

(i.e., increasing B^ or B) and/or (b) Increasing the physical size of the 
2 4 

device (Ŵ ^ ~ 6 B a). Both will increase the capital cost of the DEMO. In 

general, better economics Is obtainable for fusion reactors by increasing the 

plasma power density rather than increasing the reactor physical size. In 

particular, tokamaks are most attractive at higher beta operation. We assume 

in this study that substantial improvement in beta beyond that predicted for 

FED and INTOR will be achievable in the DEMO. Therefore, S = 0.08 has been 

selected as the goal for the DEMO. 

With R = 5.2 m, a = 1.3 ra, < = 1.6, Â ,, = 1.2 m, B^ = 10 T, and B = 0.08, 

the neutron wall load is in the range W^ ~ 1.5-2.0 MW/m^, depending on the 

operating conditions selected for the plasma. Table 1-2 shows the variation 

of the fusion power and neutron wall load with the average plasma electron 

temperature, T^. The fusion power and neutron wall load peak at 

T^ = 8 KeV with values of 1320 MW and 2.6 MW/m^, respectively. The fusion 

power and neutron wall load are lower at higher temperatures. However, the 
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Table 1-2. Plasma Power Balance for DEMO 
(P = 0 and Z ^, = 1.42) aux eff 

T , keV 4 6 8 10 12 14 16 18 
e 

Pj, MW 955 1270 1320 1230 

n , 10^° m"-̂  5.24 3.42 2.48 1.90 
e 

W^, MW/m^ 1.91 2.54 2.64 2.46 

n 10^° m~^ 2.23 1.46 1.06 0.806 0.639 0.520 0.435 0.371 

a 0.44 0.23 0.26 0.33 0.44 O.bl 0.83 0.97 emp 

1080 

1.50 

2.16 

917 

i.;'.3 

1.83 

766 

1.03 

1.33 

637 

0.883 

1.27 
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electron density, n , also decreases in going to higher T , and the power 

required for a non-inductive current drive also decreases (see Sec. 2). 

Further trade-off studies are required to select the plasma operating point. 

For the purpose of the present phase of the the study, we selected 

T -̂  14 KeV which yields a fusion power of ^ 920 MW and a neutron wall load 
^ 2 

of ~ 1.8 MW/m . This wall load is about a factor of two higher than that in 

FED (see the 10 T case in Table 1-1) and is half of that in STARFIRE. Higher 

wall loads are desirable in most respects and can be achieved by further 

Increases in the size of the device but with a substantial Increase in the 

capital cost. Preliminary analysis indicates that, for the conditions defined 

above, the capital cost of the DEMO Is directly proportional to the neutron 

wall load. The inability to test for higher power density in the DEMO blanket 

without substantial increase in the capital cost is one of the major 

difficulties in fusion development. 

Table 1-3 shows the major design parameters tentatively selected for the 

DEMO. The major emphasis in the DEMO study so far has been on examining key 

design issues. Therefore, the reference set of design parameters given in 

this section serves only as a framework for investigating the design options 

and parameters for key reactor components. Development of a detailed and 

consistent reference design will be undertaken in FY 1982 after the subsystems 

investigations are completed. 

A major conclusion of the economic analysis for STARFIRE is that the 

greatest uncertainties in the economics of future tokamak power plants concern 

the plant availability factor. For fusion reactors to be economically 

competitive, a plant availability of 65-75% must be achieved. Yet, there is 

practically no quantitative data base for making a reliable prediction of the 

achievable availability factor in power-producing tokamaks. The availability 

factor is crucially dependent on component lifetime and reliability (low 

frequency of component failure) and maintainability (short downtime to replace 

failed components). The data base for the lifetime and rellahlUty of 

components must be obtained primarily from the technology development 

program. Definitive Information on reactor maintainability will come 

primarily from experience with operation and maintenance of future fusion 

devices such as FED. In the DEMO study, the great Importance of the 

availability factor has been recognized in two ways. First, a plant 
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Table 1-3. Major Design Parameters for DEMO 

Fusion power, MW 920 

Thermal power, MW 1050 

Net electric power, MW 250-300 
2 

Average neutron wall load, MW/m 1.8 

Overall plant availability, % 50 

Major radius, m 5.2 

Plasma half-width, m 1.3 

Plasma elongation (b/a) 1.6 

Plasma half-height, m 2.08 
3 

Plasma volume, m 272 
2 

First wall surface area, ra 400 

Plasma average toroidal beta 0,08 

Plasma current, MA 9.01 

Inboard wall-to-magnet thickness, A , m 1.2 
BS 

Outer blanket/shield thickness, m 2.0 

Scrape-off thickness, m OJ2 (inboard), 0.165 (outboard) 

Maximum toroidal tnagnetic field, T 10 

Number of TF coils 8 

Major radius of TF mid-outboard leg (R2)> ™ * 11.6 

availability goal of 50% was adopted for the DEMO. Given that FED is planned 

for ~ 20% availability, this DEMO goal provides an ambitious target for 

technology development. Since FCDR will be required to achieve 65-75% 

availability, the selected DEMO goal of 50% is a necessary minimum in order 

not to burden FCDR with "high risk" extrapolations. Second, every effort is 

being taken in the DEMO study to incorporate design features and select design 

and technology options that enhance the probability of achieving high 

availability. The single most Important design feature selected to maximize 

component lifetime and reliability in the DEMO is steady-state plasma 

operation. By eliminating cyclic loads, steady-state operation significantly 

enhances the reliability of key components such as the first wall, blanket, 

limiters, dlvertors, and magnets. In addition, the frequency of plasma 
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disruption is greatly reduced for two reasons: (a) most plasma disruptions 

occur during startup and shutdown; and (b) a non-inductive current driver will 

permit current density profile control, thus providing effective measures for 

controlling plasma disruptions. Accommodating the thermal energy dump and the 

electromagnetic forces associated with plasma disruptions currently represents 

a key engineering design problem, particularly for the first wall, limiter, 

and divertor. 

Component lifetime and reliability are also enhanced in the DEMO by 

locating, whenever feasible, key components away from the harsh radiation 

environment. All the EF coils (all superconducting) are located outside the 

TF coils, except for some small CF coils which are located inside the TF coils 

but outside the radiation shield. All vacuum pumps are located in the reactor 

building basement where the radiation field is low. 

The STARFIRE strategy of simplifying Che reactor design in order to 

enhance component reliability and maintainability continues to be adopted in 

the DEMO. This has been a key approach in developing the non-inductive 

current drive, blanket, and Impurity control concepts as discussed in the next 

section. Other features adopted to enhance maintainability include 

modularity, locating the vacuum boundary at the shield with all mechanical 

seals at the exterior, and placing all service connections outside the vacuum 

boundary. 

As discussed in Sec. 5, there is a tradeoff between maintainability and 

capital cost in selecting the reactor configuration. The configuration 

developed for the DEMO favors better maintainability. This is reflected 

particularly in the choice of the low number (8) of TF coils and the use of 

one blanket/shield sector per TF coll which result in the use of larger TF 

coils. 

Design selections for the current drive, first wall, blanket, impurity 

control, and configuration have been the subject of extensive tradeoff 

studies. The key issues in these studies are discussed in the next section. 

1 •'* Key Design Issues for Major Components 

The DEMO effort in FY 1981 focused primarily on in-depth investigations 

of the key Issues for the DEMO elements that require extensive development in 
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parallel to and beyond FED. These elements are: (1) non-inductive current 

driver, (2) impurity control and exhaust, (3) first wall and breeder blanket, 

and (4) reactor configuration and maintainability. These elements will have 

the largest impact on the capital cost and availability of the DEMO. Some of 

these components (e.g., breeder blanket and current driver) may not be used in 

FED, while for others (e.g., impurity control and configuration) the FED 

solution must be checked for suitability to conmiercial systems. 

Significant design and research and development efforts have been devoted 

over the past decade to the systems of impurity control and exhaust, breeder 

blanket, and, to a lesser extent, non-inductive current drive. However, it 

must be recognized that the state of the art for these systems is not advanced 

enough to select a single design option, nor is it possible at this time to 

assure that any of the presently proposed concepts will eventually prove 

viable. There is a lack of important data in many critical areas and limited 

experimental verification of theoretical predictions in other areas. In 

addition, there are some design problems for which more attractive solutions 

must be developed. 

Given the state of the art for the components discussed above and 

recognizing the role of the DEMO in fusion development, it was judged 

undesirable for the DEMO study effort to focus on developing the details of a 

single design point. Rather, it is more beneMcial for the national fusion 

program to utilize the DEMO design study as a framework for identifying key 

research and development paths for critical subsystems. The approach for each 

component is to: (1) investigate design options; (2) identify key problems 

and develop design solutions whenever possible; (3) select the most promising 

two or three design concepts; (4) characterize the critical problems and 

identify key experimental and analytical data required for resolving these 

problems; and (5) describe the overall R&D paths including the major 

milestones. The DEMO effort to date has focused on items (1) through (3). 

Items (4) and (5) will be addressed in the later part of the study. 

The following subsections provide a brief overview of the DEMO study 

effort in the areas of current drive, impurity control, first wall and breeder 

blanket, and reactor configuration and maintainability. The details of the 

work are presented in Sec. 2 through Sec. 5. This overview is concerned only 

with key issues in selection of design options. 
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1.4.1 Steady State/Current Driver Options 

Theory and experiments Indicate the possibility that toroidal plasma 

currents may be maintained in tokamaks with non-inductive external momentum 

sources to the electrons. This suggests that steady state may be an 

achievable mode of operation for tokamaks. Steady-state operation offers many 

technological and engineering benefits in commercial reactors. Among these 

are: (1) component and system reliability is Increased; (2) material fatigue 

is eliminated as a serious concern; (3) likelihood of plasma disruptions is 

reduced; (4) higher neutron wall load is acceptable; (5) thermal energy 

storage is not required; (6) the need for an intermediate coolant loop is 

reduced or eliminated; (7) electrical energy storage is significantly reduced 

or eliminated; and (8) a full-size ohmic heating solenoid is not needed, and 

external placement of the EF coils is simplified. 

The penalty for steady-state operation comes primarily from potential 

problems associated with a non-inductive current driver; in particular: (1) 

the electrical power requirements; (2) the capital cost; and (3) reliability 

and engineering complexity of the current driver. The magnitude of these 

penalties varies from one current driver to another. 

A large number of external drivers have been proposed which theoretically 

can sustain the toroidal current in a tokamak in a steady-state condition. 

Both plasma waves and particle beams have been suggested, and a survey of the 

most attractive candidates has been performed. We classify waves into three 

types for this discussion. High-phase-speed (HS) waves are those with 

toroidal phase velocities exceeding the electron thermal speed and which 

directly impart momentum to the circulating electrons. Examples of these 

waves, which have received some experimental tests for driving current, are 

the lower-hybrid wave (JFT-2, PLT), the magnetosonic wave (Synchromak), and 

the ion-cyclotron wave (Model C). Low-phase-speed (LS) waves are those with 

subthermal phase speeds which can supply electron momentum. The most studied 

example is the fast wave, which is the compresslonal Alfven wave (CAW) at low 

frequencies and which we term a low-speed (short parallel wavelength) 

magnetosonic wave above the ion cyclotron frequency. The third wave-current-

drive classification refers to ICRH and ECRH techniques which heat plasma to 

create anisotropic resistivity, thereby indirectly driving currents. Beam-

driven currents may be created by injection of neutral beams (Culham Levltro 1 

or relatlvistlc electron (REB) beams (SPAC-IV). 
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The driver power requirements have been compared on several levels, as 

the normalized current to power density ratio, j/p, as total current to power 

dissipated, I/Pgux' ^'^^ ^^ '-̂ ^ "^^ electric power, P , vs. plasma 

temperature. Here we summarize our findings and outline the logic which 

should be followed in order to identify the most attractive driver for the 

DEMO. 

Figure 1-1 combines the j/p plots for this study using a common 

independent variable, vj/v^, where Vj is the parallel velocity associated with 

the driver. This quantity, v^/v^, is important, as it must be carefully 

chosen to maximize j/p. Our discussion here focuses on only a subset of all 

the drivers examined in Sec. 2. The other drivers are the victims of poorly 

developed theory, problems with experimental verification, or simply dismal 

prospects for achieving a reasonable DEMO driver. Starting with the neutral 

beam (D°), we note from the figure that j/p has a well defined maximum; 

fortunately, neutral beams have well controlled energies so VJ can likely be 

selected to maximize j/p. A concern with this driver is that j/p may 

deteriorate by a factor of two if the neoclassical theory is inappropriate for 

some reason. Due to its similar physical current-drive process, ICRH results 
* * 3 

in j/p values similar to those from neutral beams. However, if minority He 

is used, neoclassical theory predicts j/p would be much less for E = 0.1 than 

for E = 0 (where E is the reciprocal of the local flux surface aspect ratio), 

and regions of reversed current density woul5 also result. Furthermore, wave 

propagation and absorption determines the spatial variation of v./v , so it 

may be hard to arrange vj/v in order to maximize j/p. 

The relatlvistlc electron beam (REB) is the most efficient driver if 

resistivity is greatly enhanced due to non-linear wave processes during pulsed 

injection. The dissipated power approaches the ohmic limit if vj is properly 

chosen. Even if resistivity is not enhanced, the REB produces j/p values 

comparable with other drivers. Good control of vj/v^ is easily achieved, and 

neoclassical effects are irrelevant for this driver. In the limit v, + c, 
^ ^ d 

ECRH has j/p identical to that of the REB (with a 5 1), according to 
QL , c 

linear theory. In the strong heating limit (D = D /D > 1) the value 
of j/p about doubles for ECRH. However, in the limit v < v there are 

indications that electron trapping may seriously degrade the efflcienty of 

ECRH current drive. Moreover, it may prove difficult to accurately launch 
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rays which have one-sided damping with v > v in order to maximize j/p. 
d e 

Additionally, we point out the necessity of developing high power, high 

efficiency sources of ECRH if this method were to prove practical for a DEMO. 

As Fig. 1-1 shows, the lower-hybrid (LH) driver has j/p values some 33% 

larger than those due to ECRH at v, > 3v in the linear regime. This is due 
d e 

to the wave-particle momentum transfer which accompanies the ansitropic 

heating. Neoclassical trapping strongly reduces j/p associated with the 

Landau damping of the LH driver when v, < v ; see the curve labeled LD. The 
d e 

principal defect with this driver, however, is the accessibility constraint 

inhibiting the generation of centrally peaked current profiles. 

The low frequency (w < fj ) limit of the fast wave is the CAW, which 

yields the largest j/p values of all the waves when e = 0 and v < v . It is 
d e 

important to operate in the linear regime (D < 1) as this makes fullest 

advantage of the transit time damping mechanism, which yields the 

greatest j/p values. Neoclassical effects predominate when v, < v making 

predictions unreliable with this driver; hence. Fig. 1-1 shows this curve 

dotted. Above the ion cyclotron frequency we term the fast wave the high 

speed magnetosonic (HSMS) wave when v > v . In this regime j/p values are 

seen to exceed those of the LH wave, which is due to the transit time damping 

mechanism. The HSMS has no accessibility constraint, and neoclassical 

trapping is of no concern. 

The ratio of the plasma current to the driver power delivered to the 

plasma (I/Pgnx^ ®̂ more relevant than j/p as it is obtained by integrating the 

current and power densities over the plasma cross section. This ratio depends 

on T , n , and the plasma profiles, and for comparison we give the values 
-^ ^ - 20 -3 

at T = 1 8 keV and n = 0.84 x 10 m for several DEMO drivers in Table 1-4. 
e e 

A bett^er figure of merit for the DEMO is the net power produced, P , 

which depends on the driver's power conversion efficiency, r\ , and on the 
*̂  aux 

plasma temperature, since fusion power, P,, and P both vary with T . As 

shown in Table 1-2, we desire 12 keV < T < 16 keV in order to keep the 

^2 2 
neutron wall load in the range ~ 1.5 MW/m -2.1 MW/m . Figure 1-2 epitomizes 

our results for three likely drivers. The neutral beam (3 MeV D°) is seen to 

be quite sensitive to n , an advanced electrostatic quadrupole-focused 
aux* 

accelerator (n = 0.8) yielding an acceptable P > 100 MW but an rf 
NB n 

quadrupole-focused accelerator (with n„„ = 0.35) barely breaking even. 
NB 
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Table 1-4. I/P for Selected Drivers of DEMO 

(9MA, R = 5.2 m, T = 18 keV, n = .84 x 10 m" 

*• ' n e e 

Driver I/P (A/W) Comment 

D° neutral beam 0.14 3 MeV; realization in DEMO requires 
negative ion source, electrostatic 
quadrupole focused accelerator, photo-
detachment neutrallzer 

3 
^gp 4.9 y = 4.0, 4 MJ per pulse, assumes o > 10 

a^d includes factor of two reduction for 
conservatism; two diodes penetrate blanket 
with 50 cm O.D. 

^He ICRH 0.08 

CAW 1.0 Ignores neoclassical trapping; requires 
antenna loops 

HSMS 0.11 82 MHz, X ~ 80 cm; no concern for neo
classical effects; good wave penetration; 
broad current density; 10 coax feeds 
through blanket with 23 cm O.D.; reentrant 
waveguides may be possible 

LH ~ 0.1 (Based on STARFIRE design); centrally 
peaked current density difficult to 
achieve due to wave accessibility 
limitation 

(Negative ions with a photodetachment neutrallzer are a necessary development 

which we assumed.) The HSMS (fast wave) is likewise sensitive to n , but 
aux 

the system may need less development to achieve n = 0.7 than the, negative 
aux 

ion source neutral beam. For both the D° beam and the HSMS the 12 keV-16 keV 
range of T tends to maximize P̂ ^ at the desired wall loading, suggesting that 

the design is an optimum. The REB needs so little driver power that P is 

insensitive to n « This is an advantage since it is often difficult to 
aux 

accurately estimate n for current drive systems. The circulating power is 
aux 

so small for the REB that P peaks near_ the 8 keV maximum of P^. However, the 

reference DEMO has too large a thermal power (~1500 MW) at 8 keV, so an 

optimized design with the REB driver would call for a lower beta or magnetic 
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field with operation at 8 keV. 

We see that I/P is not necessarily a good measiire of driver 

performance. In particular, the REB has I/Pgux ^bout 45 times larger than 

does the HSMS driver, yet P„ Is only two or three times larger, as shown in 

FlB 1-3 for n ~ 0.7. Thus, the neutral beam and HSMS drivers may well 
^' ' aux 

satisfy the DEMO performance specifications (P > 100 MW). 

The selection of the best driver may now narrow to consideration of 

engineering and equipment costs. Neutral beam lines introduce complexity into 

the reactor design, for tritium and neutrons are not well contained within the 

plasma chamber. In addition, neutral beams must be located within the reactor 

hall and will require fully remote maintenance. In contrast, the REB and HSMS 

systems have coaxial-transmission lines which can conveniently be routed 

outside the reactor hall and they incorporate vacuum wini^ows. The vacuum 

windows In these structures assure good tritium containment, and the bends 

reduce radiation streaming. It is also desirable to select current drive 

systems which simultaneously can serve to provide auxiliary heating to 

ignition during reactor startup. As shown in App. 2-B, the REB system can be 

modified to operate at 20 Hz, yielding 80 MW of plasma heating during startup, 

and the system cost is estimated to be ~ $10 million (1981), exclusive of 

development costs. From Fig. 2-34, we see the HSMS system supplies over 80 MW 

of heating provided operation occurs at T < 18 keV; if we assume normal 
_ e 

operation occurs at T =14 keV, than about 150 MW of CW power is required. A 

cost analysis for this system has not been performed, but we note that a 

similar current drive system in Ref. 14 of Sec. 2 (at 154 MHz) was costed at 

$3.30 per watt delivered to the plasma, so a 150 MW system would cost ~ $495 

million. Hence, the HSMS driver appears to be far more expensive than the 

REB. The couplers for the REB and the HSMS options have not been fully 

designed. As shown in Fig. 2-3, each has components inside the first wall, in 

the limiter shadow, and the engineering constraints may prove challenging. 

Finally, we remark that theoretical work on pulsed power injections for 

wave and neutral beam drivers is presently underway. Preliminary results 

suggest the time averaged I/<Payx'' <̂ °"1<' increase modestly (by about factors 

of two to three), but a variety of difficulties appear which warrant further 

study. 
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1.4.2 Impurity Control System 

The impurity control system must achieve adequate plasma composition 

control, must be reliable enough to achieve multiyear lifetimes, and should 

not adversely affect the other reactor systems. Besides having a major 

influence on the plasma, the impurity control system interacts with other 

reactor systems including the first wall, the vacuum system, the blanket, and 

possibly the magnet system. The system may also have a significant impact on 

tritium fueling, breeding, and reactor maintenance. 

Based on the results of the FED, INTOR, and STARFIRE studies, two 

concepts have emerged as potentially viable for the impurity control and 

exhaust systems for tokamaks. These are a poloidal divertor and a pumped 

limiter. An improved poloidal divertor concept was developed in the INTOR 

Phase-1 study (for which the DEMO team has provided major technical 

support). The pumped limiter concept was developed in some detail in the 

STARFIRE study and more recently in the FED design. These two concepts for a 

poloidal divertor and pumped limiter served as the starting point for the DEMO 

effort. 

The improved single-null poloidal divertor concept developed for 

(3") 
INTOR ^ '' was reexamined in the context of the DEMO. The concept is 

applicable with minor modifications. The reference collector plate design 

uses tungsten tiles mechanically attached to a'heat sink with low thermal 

conductance across the interface. Most conclusions regarding this concept 

remain valid. Details of the concept and identification of key issues are 

documented in Ref. 7. Most of the DEMO effort in FY 1981 was devoted to 

developing the pumped limiter concept. While efforts on the pumped limiter 

and divertor will continue in the remainder of FY 1982 with the objective of 

providing a comparison of the critical issues as well as the impact on the 

overall DEMO cost and availability for the two concepts, the initial DEMO 

reference concept is based on a pumped limiter. 

The philosophy used in examining the limiter impurity control options was 

to vary the plasma edge conditions over a wide range and then to select the 

most appropriate engineering design for each set of conditions. The design 

geometry employed in this tradeoff study was that of the STARFIRE 

limiter ^ ' . Three plasma edge temperature conditions were selected for 

detailed study. They are designated as high (1500 eV), medium (100 eV), and 
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low (10 ev). Plasma analysis, using mostly 1-D transport calculations, show 

that the plasma edge temperature can be controlled, to some extent, by 

selecting the appropriate combination of plasma fueling method and pumping 

efficiency. The high edge temperature case can be produced by pellet fueling 

and relatively high efficiency pumping. The medium temperature case is 

obtained by gas puffing and moderate efficiency pumping. The physics of the 

very low edge temperature regime was not analyzed in detail, but it represents 

a very attractive case from the engineering standpoint because sputtering is 

insignificant. This low edge temperature may be achievable with enhancing 

radiation. 

A separate limiter design was selected for each of the plasma edge 

conditions, and several major issues were identified and examined. A summary 

of the designs together with the major Issues is presented in Table 1-5. 

At high edge temperatures, the major issues involve either directly or 

indirectly the sputtering and redistribution of materials. First, significant 

sputtering and redeposition will necessitate that both the first wall and 

limiter surfaces are constructed from the same material. If different 

materials are used, the resultant redistribution of material will eventually 

produce a single composition on all exposed surfaces. The consequences of 

surface compositional changes are difficult to evaluate and could result in 

reduced component lifetimes. Second, sputtering considerations dictate that a 

low-Z material, such as Be, B, or C, be used as the surface coating 

material. Low-Z materials have the lowest sputtering rates under the high 

edge temperature conditions and, more importantly, are the only materials that 

exhibit a self-sputtering coefficient less than unity at the limiter 

surface. Beryllium has been selected as the surface material based upon its 

relatively good thermophyslcal properties, its low hydrogen permeability, and 

the expected lack of chemical sputtering. The relevant data base for low-7, 

materials is limited, however, and other low-Z materials are still under 

consideration. Detailed calculations indicate that the loss rate of material 

from the first wall will be ~ 0.5 mm/y, and the buildup of material on the 

limiter will be ~ 5 mm/y at 50% availability factor. 

The major issues involving the buildup of material on the limiter Include 

the structure and properties of redeposited material, and the influence of the 

redeposited material on the temperatures, stresses, and ultimately the 
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Table 1-5. Limiter Material Selections for Various Edge Temperatures 

Edge 
Temperature 

High 

Med ium 

! 

Low 

Limiter Materials 

Be-coatlng 

Cu-structure 

W-coating 

Cu-structure 

Cu- structure 

First-Wall Materials 

Be-coating 

SS-structure 

W-coating 

SS-structure 

« 

SS - structure 

Reasons for Selections 

Low sputtering rate 

Self-sputtering <1 

Low temperature and 
stresses 

Minimum impurity 
effect in plasma 

Low sputtering rate 

Resistence to dis
ruption effects 

Low temperature and 
stresses 

Thin limlter/first 
wall structure 

Simplified design 
and engineering 

Thin llmiter/first 
wall structure 

Critical Issues 

Sputtering and redepos
ition rates 
Properties of redepos
ited material 

Temperature and stresses 
in limiter 

Irradiation effects in 
Cu 

Bonding between coating 
and structure 

W self sputtering 

Sputtering and redepos
ition rates 

High-Z concentration in j 
plasma j 

Irradiation effects in i 
Cu 

Bonding between coating \ 
and structure ] 

i 
Physics uncertainties | 

Irradiation effects in | 
Cu 



lifetime of the limiter. The interactions of the incoming particles with the 

limiter surface represent a complex set of phenomena. The incoming particles 

may be reflected from the surface, become trapped within the surface, produce 

lattice displacement damage, or sputter additional particles from the 

limiter. Recent experiments indicate that the limiter surface is likely to 

trap D, T, and/or He particles as the redeposited material builds up over 

time. The consequences of gas trapping are: (1) that the redeposited 

material will probably be less than 100% dense; (2) that the crystal structure 

is likely to be highly damaged; and (3) that the trapping of tritium could 

result in a high tritium inventory. At this time, it is not possible to 

predict the properties of redeposited material, and additional work in this 

area is needed. Initial temperature and stress calculations of the limiter 

leading edge with a 10 mm coating of beryllium Indicate excessively high 

temperatures and stresses. There are several uncertainties in these 

calculations, however. Including the properties of redeposited materials, the 

bond properties between the coating and structure, and the influence of cracks 

in the coating on the stresses. Additional work will be conducted to examine 

these uncertainties in more detail and to determine the allowable "buildup" 

thickness on the limiter. 

None of the candidate low-Z materials can be considered to be a 

structural material; therefore, structural material must be identified for 

both the first wall and liraiter. A modified austenitic stainless steel. Prime 

Candidate Alloy (PCA), has been selected as the first wall structural material 

as described in Sec. 4. PCA cannot be used for the limiter because it 

receives a high heat flux. The candidate limiter structural materials include 

copper alloys, aluminum alloys, and refractory metal alloys. The material 

that most closely matches the requirements for the limiter is a high strength 

copper alloy such as AMAX-MZC. The major issue involved in the use of copper 

alloys is the long-term effects of neutron irradiation. The irradiation data 

base is very limited, and the data indicate that irradiation effects could be 

severe. Additional experimental effort in this area Is required to qualify 

copper alloys for use in fusion reactors. The selection of a copper alloy has 

been made with the assumptions that the coolant is low-temperature water. A 

copper alloy would be unacceptable with a liquid-metal coolant or with high 

temperature pressurized water conditions. If a liquid-metal coolant were used 

for DEMO, then a refractory metal alloy such as V-15Cr-5Tl or FS-85 (niobium) 
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would be required for compatibility. 

At medium edge temperatures, the choice of the first wall and limiter 

coating is different. At energies of ~ 100 eV, the high-Z materials exhibit 

the lowest DT sputtering rates while satisfying the requirement of self-

sputtering coefficients < 1 on the limiter surface. Preliminary analysis 

using the computer code described in Sec. 3.3 indicates that at medium edge 

temperatures, high-Z materials may exhibit low net erosion and low 

concentrations within the plasma. These conditions would occur when sputtered 

hlgh-Z atoms are ionized near the surface (<;1 cm) and then returned to the 

limiter. Little or no sputtered material would be transported into the 

plasma. An edge temperature not much in excess of ~ 150 eV is required to 

avoid a self-sputtering coefficient >1. A major issue with the use of hlgh-Z 

materials is the strict limitation on the allowable impurity concentration in 

the plasma. Preliminary calculations indicate that the high-Z concentration 

reaches an acceptable level of ~ 0.01%. However, because of the critical 

nature of this problem, it will be examined in more detail during the 

remainder of FY 1982. 

Tungsten has been chosen as the high-Z material. The principal 

advantages of tungsten are its high melting point and its very low 

vaporization ratio. Calculations of plasma disruption effects on tungsten 

indicate that under most conditions tungsten wij.1 not reach its melting 

point. The predicted sputtering rate of tungsten on the first wall is ~ 0.2 

imn/y, and the average buildup rate on the limiter is estimated to be ~ 1.5 

maly at 100% duty factor. The low sputtering/redepositlon rate means that the 

first wall and limiter structure can be designed to be thin, which will reduce 

the temperatures and stresses compared with the high edge temperature 

design. The properties and structure of redeposited material remains a major 

issue for tungsten. 

Tungsten is not considered to be a structural tnaterial due to difficult 

fabrication and severe radiation embrlttlement. The structural material 

selected for this design is AMAX-MZC, and the major concerns discussed 

previously for this material also apply here. 

At low edge temperatures (~ 10 eV), all materials exhibit low sputtering 

rates so that they can be chosen independently of sputtering considerations. 

The limiter design for this edge temperature regime utilizes a single, thin 
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structural material, and it offers the longest material lifetime. AMAX-MZC is 

again selected as the structural material, with the major concern being long-

term irradiation effects. The major concern for this regime is the 

uncertainty in achieving such low edge temperatures, and additional work will 

be conducted in this area. 

Finally, the impact of the limiter position on the overall reactor design 

was examined. The critical Issues Include the effects on tritium breeding, 

reactor maintenance, interference with other components, and the influence of 

plasma disruptions. Because of the severe operating environment for the 

limiter, it is anticipated that it will have to be replaced more frequently 

than other components. Therefore, it is very desirable that the limiter be 

designed to be replaced without removing the rest of the first wall/blanket. 

The tritium breeding and reactor maintenance requirements are in conflict 

since reactor downtime for limiter replacement can be minimized by designing 

the limiter module to be non-breeding. Breeding materials with marginal 

breeding potential could be eliminated from consideration because of the loss 

of this breeding volume. The bottom limiter location, similar to the FED 

design, allows the most space for other reactor penetrations, but it is 

believed to be more susceptible to plasma disruptions than the outer midplane 

location. Since disruption effects are considered more serious than space 

conflict, the outer midplane location has been selected for DEMO. 

1-4.3 First Wall/Breeder Blanket 

A large number of blanket concepts that vary in material choices and 

design details were proposed (see, for examples, Ref. 1 and Ref. 8 through 17) 

over the past years. None of these concepts emerges as a clear choice. On 

the other hand, the fusion research and development program cannot pursue all 

these concepts. It is, therefore, necessary to make a critical assessment of 

breeder blanket options in order to select a limited nimber of concepts for 

further research and development. This is required now in order to assure 

timely development of breeder blankets because: (1) the need for a breeder 

blanket in near-term devices such as FED cannot completely be ruled out at 

present, and (2) perhaps more importantly, the testing of integrated blanket 

concepts for the DEMO will be performed in FED; and this will require 

extensive testing In non-fusion facilities over the next several years in 
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order to provide a detailed definition of breeder blanket modules to be tested 

in FED. 

The assessment of blanket concepts in STARFIRE ^^'^'> and the present DEMO 

study, which also Included an evaluation of the results of previous blanket 

studies, lead us to propose two development paths for the breeder blanket R&D 

program as shown in Table 1-6. Path 1 is for solid breeders and Path 2 is for 

liquid metals. The breeder materials for Path 1 are LiA102 and LI2O. For 

both solid breeders, the selected coolant and structural materials are 

pressurized water and austenitic stainless steel, respectively. For Path 2, 

the breeder materials are liquid lithium and the lead-rich Ll-Pb eutectic (17 

at % Li - 83 at % Pb). Liquid lithium serves as both the breeder and 

coolant. The choice of coolant for the Li-Pb breeder requires further 

evaluation. A number of issues must be resolved before a refractory alloy or 

stainless steel is selected for the liquid metal path. 

Both the solid breeder and liquid metal paths need to be pursued for a 

number of years until a clear choice emerges. There are a number of critical 

issues for both paths that can only be resolved based on results from future 

experimental investigations. These critical issues are shown in Table 1-7. 

The issues in the table are limited to those concerning feasibility and do not 

Include problems related to performance and economic attractiveness. 

Three critical issues are Identified for th'e two Path 1 solid breeders. 

The first two are common to all solid breeders. The first issue concerns the 

magnitude of the tritium inventory in the blanket. For idealized conditions 

and in the absence of radiation effects, the estimated tritium inventory is 

acceptably low (<100 g). However, radiation effects are expected to 

substantially increase the tritium inventory—possibly to unacceptable 

levels. The second issue relates to problems in the development of a 

mechanical design that is viable in the fusion reactor environment under 

practical normal and off-normal operating conditions. These problems arise 

mostly from the need to maintain the low-thermal-conductlvlty solid breeder in 

a narrow temperature range with controlled temperature gradients across the 

breeder/structure/coolant interfaces. Further narrowing of the theoretically 

predicted temperature range for solid breeders, which may be dictated as a 

result of future tritium recovery experiments under irradiation, could render 

the solid breeder designs impractical. 
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Table 1-6. Proposed R&D Paths for Breeder Blanket 

Path 1 

Solid Breeders 

Path 2 

Liquid Ketals 

Breeder Material 

A) LiA102 

B) Li20 

A) Lithium 

B) 17Li-83Pb 

Coolant 

Water 

Lithium 

7 

Structural Materials 

Austenitic Stainless Steel 

Refractory Alloy (Vanadium) or 

Stainless Steel (Ferritic or Austenitic) 



Table 1-7. Critical Issues for the Breeder Blanket Development Paths 

1. Solid Breeders 

• Blanket Tritium Inventory 
Particularly, effects of radiation on tritium inventory 

• Design Practicability 
A number of design problems related to maintaining the low-thermal-
conductivity breeder material within the required narrow temperature 
range and controlling the temperature gradient at the breeder/ 
structure/coolant Interfaces 

• For LiAlO,: Tritium Breeding 
Achieving a net tritium breeding ratio greater than one 

• For Li20: Reactivity with Water to Form LiOH 
Difficulties in obtaining and maintaining high purity LijO 

- Consequences of corrosive effects of LiOH under off-normal 
events involving breeder/coolant Interaction 

2. Liquid Metals 

A. Lithium 

• Safety 

Consequences of lithium fire 

• MHD Effects • 

• Compatibility with Structural Materials 

B. 17Li-83Pb (Evaluation Not Complete) 

• Compatibility with Structural Materials 

• For Li-Pb Cooling 
MHD effects 
Tritium processing and containment 

• For Water Cooling 

Safety - large scale expulsion of Li-Pb from the blanket in 
off-normal Li-Pb/water contact 
Tritium permeation to water as a result of tritium low 
solubllity/hlgh partial pressure 

• For Sodium Cooling 

Safety - chemical reactivity of sodium with water and air 

MHD effects 
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The third critical issue for solid breeders is not the same for LiA102 

and LinO, and this is why selection of only one of them Is not possible now. 

For the ternary ceramics, such as LiA102, there are uncertainties concerning 

the feasibility of achieving a net tritium breeding ratio (TBR) greater than 

one. While theoretical calculations with the best available neutron 

multipliers (except beryllium) show that a TBR slightly greater than one is 

possible, the margin is so small that an experimental verification is 

necessary. Beryllium substantially enhances the breeding potential, but its 

acceptability depends on resolving uncertainties related to toxicity, resource 

limitations, and radiation damage effects. For LijO, the problems arising 

from the reactivity of LI2O with water to form LiOH may hinder the viability 

of this breeder. This reactivity makes it difficult to obtain and maintain 

high purity Li20. In addition, the consequences of a water leak into the 

breeder region are of great concern. The formation of the corrosive LiOH 

could lead to rapid corrosion of adjacent structural material with a potential 

for a propagatlng-type failure. 

The reasons for selecting pressurized water over helium cooling for the 

solid breeder path were discussed previously ^ * '. Some of the key reasons 

reinforced in the present DEMO study are: (1) the required high operating 

temperature and large temperature rise for the helium coolant are not 

compatible with solid breeders, which must operate at moderate temperatures 

within a narrow range; (2) the large void space associated with the use of 

helium cooling, particularly in the inboard region of the reactor, results in 

a significant economic penalty compared to water cooling; and (3) no 

structural material which can be operated at high temperatures is resistant to 

radiation damage and is compatible with impurities in helium has been 

Identified. 

An advanced austenitic stainless steel (designated PCA in the alloy 

development program), similar to Type 316, is selected for the solid breeder 

development path. Structure temperatures in a water-cooled system can be 

maintained below the temperatures at which severe radiation damage occurs. 

However, steady-state operation is important for acceptable lifetime because 

of the relatively high thermal stress factor associated with austenitic 

stainless steel. The limitations on the lifetime of solid breeders resulting 

from Li burnup reduce the incentive for a very long lifetime structure. The 
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presently available extensive data and technology base for stainless steel 

combined with the ability to perform meaningful irradiation tests (with 

appropriate helium-to-DPA ratio) in fission reactors make its development for 

fusion the least expensive, the least time consuming, and perhaps the least 

risky compared to the development requirements of all other candidate 

structural materials. 

The existence of critical Issues associated with solid breeders makes it 

prudent to pursue in parallel research and development activities for liquid 

metals (Path 2). Liquid lithium offers unique advantages. It can 

simultaneously perform the functions of tritium production, heat deposition 

and, heat transport resulting in a simple system. Many of the early-

generation design studies found the use of liquid lithium as both coolant and 

breeder to be logical since lithium in some form must be present in the 

blanket. As shown in Table 1-7, there are three critical issues that must be 

thoroughly investigated for liquid lithium. The first issue is safety. 

Lithium reacts vigorously with water (hydrogen is produced) and with air and 

concrete. Special design features (e.g., multiple barriers between liquid 

lithium and water and air, or completely eliminating moisture from the reactor 

building) to reduce the probability and consequences of lithium fires to 

acceptable levels need to be investigated. The second critical issue for 

liquid lithium (as a coolant) relates to the MHD effects. Flowing a liquid 

metal with high electrical conductivity in a magnetic field results in 

electromagnetic effects that can impact pumping power losses, system pressure, 

and loads on the structure. A number of design studies (e.g, Refs. 9 and 12) 

showed that liquid lithium blankets can be designed with low pressure drop. 

However, the validity of some key assumptions employed in the calculations and 

the practicability of the proposed design solutions need to be established 

experimentally. The third critical issue is the compatibility of liquid 

lithium with structural materials. Limited experimental data indicate that 

corrosion of stainless steel In a flowing liquid lithium environment may be 

unacceptably high. If this proves to be definitely the case, then a 

refractory alloy will have to be used. The development of a refractory alloy 

is a major issue itself because of the cost, time, and risk Involved. 

Because success In developing solid breeders and/or liquid lithium cannot 

be guaranteed, it is desirable to explore the possibility of another "backup" 
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path. Obviously, it has to be a lithium-containing liquid. The lead-rich 

17Ll-83Pb eutectic has the advantage of being much less reactive to water and 

air than liquid lithium. However, this 17Li-83Pb breeder poses a number of 

critical isues. The issue of compatibility with structural materials appears 

to be even more critical than that for liquid lithium discussed above. Our 

present analysis shows no clear choice for cooling the Li-Pb because each 

candidate coolant poses one or more potentially critical issues as shown in 

Table 1-7. For Li-Pb as the coolant, containment of relatively high pressure 

tritium and processing at the low tritium concentration in Li-Pb are key 

issues. The required mass flow rates are much higher for 17Ll-83Pb than for 

liquid lithium. Although the electrical conductivity of Li-Pb is much lower 

than that of liquid lithium, the MHD effects are of concern. For pressurlzed-

water cooling, there are two key issues. The first is the safety problems 

associated with the possibility of a large-scale expulsion of the Li-Pb 

breeder from the blanket as a result of Ll-Pb/water contact. The second is 

the high tritium permeation rates through coolant containment structure Into 

water. The tritium permeation rates result from the high tritium partial 

pressure caused by the very low solubility of tritium in 17Li-83Pb. Design 

solutions for limiting tritium permeation remain to be examined. The key 

issues with sodium cooling are the reactivity with water and air and MHD 

effects as discussed above for liquid lithium. 

As mentioned earlier, the breeder-blanket effort in the DEMO study is 

focused on identifying and characterizing the breeder development paths and 

the critical Issues that need to be resolved before a final blanket concept 

can be selected. Within the scope of the present effort it is not possible to 

analyze all four concepts shown in Table 1-6. However, the recent STARFIRE 

study provides an in-depth analysis of the LiA102 design. The conclusions 

regarding the critical materials and design Issues remain valid. This is also 

the case for liquid lithium, which was studied in detail in a number of 

previous studies. Therefore, the contribution of the DEMO effort was 

maximized in FY 1981 by focusing on LI2O and 17Li-83Pb to bring the 

understanding of the material and design Issues for these two materials to the 

same level as for LIAIO2 and liquid lithium. 

Section 4 documents the results of the evaluations for Li20 and 17Li-

83Pb. Summaries are given in Sees. 4.3.1 and 4.4.1 for Li20 and 17Li-83Pb, 

respectively. 
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Two issues that are common to all the in-vessel components (first wall, 

limiter, divertor collector plate, etc.) are tritium permeation and plasma 

disruptions. These Issues are treated in detail in Sec. 4.2. Below is a 

summary of the conclusions. 

Tritium migration in the first wall, the primary tritium barrier for the 

coolant, is an issue of considerable importance, particularly for water 

coolant. Several models which have been developed to predict the migration 

rates yield values which can differ by four to five orders of magnitude. An 

evaluation of the boundary conditions for the pessimistic models Indicated 

that the key issue was the assumed magnitude of the surface desorptlon rate 

constant. Based on limited experimental data for tritium Implantation and 

migration, it appears that the desorptlon rate constants used in the 

pessimistic predictions are too small by orders of magnitude. Therefore, on 

the basis of the admittedly limited experimental data, the tritium migration 

rates for DEMO in all candidate structural materials with the water coolant 

are predicted to be <20 ci/d, an acceptable value. However, experimental 

studies are needed to confirm this prediction. More details are provided in 

Sec. 4.2. 

There are presently considerable uncertainties concerning plasma 

disruptions. These uncertainties relate to frequency of occurrence, location 

of regions where the plasma energy dump occurs, ^nergy density peaking 

factors, and decay time constants. There are also uncertainties in 

characterizing the response of materials to plasma disruption. Our DEMO 

design strategy for dealing with plasma disruptions consists of three 

elements: (1) reduce the likelihood of plasma disruptions; (2) design the in-

vessel components to be as resistant to plasma disruptions as practicable 

without driving the DEMO design to features that would be unacceptable (e.g., 

breeding ratio less than one) in a commercial reactor system; and (3) in any 

case, the design inust assure that no component will fail under the effect of a 

limited number of major disruptions. Our selection of steady-state mode of 

operation with a non-inductive current driver is believed to offer the 

possibility of eliminating, or at least reducing the likelihood of, major 

disruptions. Nevertheless, all DEMO components have been designed to 

withstand the electromagnetic loads from plasma disruptions. The response of 

the DEMO in-vessel components to the thermal energy dump from plasma 
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disruptions was analyzed. If the plasma energy were deposited uniformly over 
2 

the first wall, the energy density would be ~ 75 J/cm , which is of no 

consequence to any of the in-vessel components. For a peaking factor of 5, 
2 

the peak energy density on the first wall could be ~ 375 J/cm if no energy 
(4) 

was deposited on the limiter. The likely case appears to be ^ ' simultaneous 

plasma energy deposition on the first wall and liraiter (or divertor collector 

plate), but the specifics of energy deposition profiles are highly 

uncertain. Tungsten, which Is selected as the surface material for the 

divertor collector plate and for the limiter and first wall in the case of the 

100 eV plasma-edge temperature, is the most resistant material to plasma 

disruptions. It does not experience any serious effects (melting, 
2 2 

vaporization) for energy densities up to ~ 400 J/cm and 700 J/cm for 

thermal-decay time constants of 5 ms and 20 ras, respectively. On the other 

hand, beryllium, which Is the recommended material for the case of the high 

plasma-edge temperature is much less resistant to disruption. Its response is 

approximately similar to that of stainless steel. For 20 ms decay time 

constant, the vaporization thickness is insignificant up to energy densities 
2 

of ~ 400 J/cm , but a thin melt layer will develop at lower energy 

densities. The stability of this melt layer is of concern and needs to be 

Investigated. We point out that the redeposition on the limiter of materials 

eroded by physical sputtering from the first wall Improves the survivability 

of the limiter under disruption conditions. 

1-4.4 Configuration and Maintenance 

The most critical issues In the selection of the reactor configuration 

and maintenance approach for the DEMO are: (1) impact of DEMO's role in 

development of a commercial fusion reactor; (2) effect of the number of 

components on availability; (3) number of blanket sectors per TF coil; (4) 

number of TF coils; (5) TF coll shape; (6) location of the vacuum boundary; 

(7) full remote maintenance requirement; and (8) design concept for the anti-

torque structure. Each issue and the rationale for selection of the DEMO 

design point is summarized below. 

DEMO's role in the development of a commercial fusion reactor must be 

identified to permit definition of a DEMO design. A key assumption Is that 

DEMO should use prototype commercial reactor systems to provide operational 
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experience with relevant systems, to provide design refinement and, hence, to 

permit the first commercial demonstration reactor to achieve the necessary 65-

75% availability range. 

DEMO has established a 50% availability goal and has emphasized 

maintainability even at the expense of modest Increases in capital cost. For 

example, maintainability considerations lead to the choice of a minimum number 

of TF coils and one blanket sector per TF coil to improve reliability and 

minimize replacement time even though the coil stored energy and reactor 

building size was somewhat increased. 

The availability of a reactor is believed to be closely related to the 

number of replaceable components that are used. Each replaceable component 

must be equipped with sensors, valves, piping, etc. which permit individual 

component operation and fault isolation. More pipes, valves, instrumentation, 

etc. will result in a less-reliable system, and this would reduce the overall 

reactor availability. 

DEMO has chosen to minimize the number of TF coils (to eight) since the 

number of blanket sectors, limiters, coolant lines, etc. will be decreased 

proportionally. Additionally, only one large blanket sector per TF coil has 

been used to provide fewer components and simplify its replacement. A 

comparison of the relative replacement times and reliability for 8 and 16 

blanket sectors is given in Table 1-8 to Illustrate the above point. The 

replacement time for a complete first wall and blanket system in the case of 

16 blanket sectors will take approximately two times longer than that for the 

8-sector case because of the two-fold increase in operations, but the failure 

rates are expected to be approximately equal since key life-limiting effects 

(e.g., surface erosion) are independent of sector size. The number of fluid 

connections. Isolation valves, etc. will also double and, as a result, both 

the replacement time and failure rate will increase by approximately two. 

Therefore, unless extremely high reliability connector, valves, etc. as well 

as long-life blanket sectors (life of plant) are developed, the reactor 

availability will be substantially increased by using a minimum number of 

sectors. 
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Table 1-8. A Minimum Number of Components Leads to Improved Availability 

8 Blanket Sectors 16 Blanket Sectors 

2A 

First Wall/Blanket Replacement: 

Time A 

Failure Rate -" Equal -

Connections: 

Number ~ 30/sector ~ 60/sector 

Replacement Time B 2B 

Combined Failure Rate C 2C 

The major issue in selection of the number of blanket sectors per TF coil 

is a tradeoff between the capital cost associated with increased TF coil size 

for blanket access and the Increase in availability that can result from use 

of fewer components and a simpler replacement method. A maximum Increase of 4 

m in overall reactor diameter results from installation of a single sector per 

TF coll which increases the reactor building cost by ~ $12 million and 

increases the TF coil cost by ~ 20% (~ $20 million). The increase in the 

stored energy of the poloidal field colls is modest for the case of the pumped 

limiter but remains to be evaluated for the divertor case. These costs must 

be offset by increases in availability. An increase of ~ 1% in the 

availability factor of a commercial reactor will offset this cost. It is 

believed this additional cost must be borne by DEMO so that enough confidence 

can be developed in the designs, maintenance equipment, and availability to 

justify extrapolation to a first commercial demonstration reactor that 

attracts Industrial participation. Table 1-9 shows the value of R2 (the 

horizontal major radius of the outer leg of the TF coll) as a function of the 

number of TF coils for three cases: (1) R2 based on access requirements for 

one blanket sector per TF coll, (2) Rj based on a field ripple at the plasma 

edge of 3% (peak to peak), and (3) R2 based on a field ripple of 1.5%. A 

crossover in the requirements for the access and 3% ripple cases occurs at 

approximately eight coils. Access considerations for installation of one 
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Table 1-9. Outer Leg Radius (in m) as a Function of the Number of TF Coils 

R2 Based on R, Based on R2 Based on 
Number of Access 3% Ripple 1.5% Ripple 
TF Coils Requirements Peak-to-Peak Peak-to-Peak 

7 11.4 11.8 13.0 

8 11.6 11.1 12.1 

9 11.8 10.6 11.4 

10 12.0 10.2 10.9 

12 12.3 9.6 10.1 

sector per TF coil limits the outer leg radius to 11.6 m. Three percent 

ripple could be met with an 11.1 m radius. DEMO uses a 11.6 m outer radius TF 

coil and has a 2.1% peak-to-peak ripple at the outer plasma edge. 

The TF coil shape can have a substantial impact on the total plant 

cost. The larger outer leg radius for blanket installation leads to a taller 

TF coil that Increases stored TF and EF coil energy and Increases the building 

volume unless the shape is modified from the conventional straight center post 

approach. DEMO has chosen to utilize a pure tension shape in areas away from 

the center post but has brought the center post out at the top and bottom of 

the reactor to provide additional support (see Fig. 1-4). The reduction in 

coil half-height is ~ 2 m and permits use of a shorter building and decreases 

the stored energy in the coll system. Additionally, the coll vacuum tank at 

the top of the reactor has been made to closely conform to the coll maximum 

height. Additionally, the inner leg of the coil has been formed as a segment 

of a toroidal annulus to permit location of the peak field closer to the 

plasma. This reduces the peak field requirements by ~ 1 T and minimizes 

stored energy. 

Choice of the vacuum boundary location can Influence the complexity of 

maintaining the reactor. Locations at the shield and TF coll vacuum tank have 

been considered. The advantages and disadvantages of each location are shown 

in Table 1-10. The major limitations of locating the vacuum boundary at the 

TF coll are Increases In vacuum pumped volume, increased complexity of TF coil 
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Table 1-10. Vacuum Boundary Location Options 

At TF Coil 

Pumped Volume 

Exposed Surface Area 

Bakeout 

~ 1100 m-' 

~ 4400 m^ 

<150°C Glow Discharge Only 

Leakage in Door Forced Outage 

Leaking in other Areas Continued Operation 

Segment Joints Intersector Contactor 

Vacuum Gap 

Trim Coil Operation 

TF Coil Replacement 

Tritium Leakage 

Potential for Arcing 

Severely Complicates Removal 

Unknown - May be Severe 

At Shield Interior 

~ 300 m-' 

~ 1500 m^ 

~ 300 °C Heating by 
Coolant 

Forced Outage 

Forced Outage 

Intersector 
Contactor 

Dielectric Break or 
Resistance Control 

Operation in Air 

No Impact 

Manageable 

replacement and potential tritium permeation to the cryogens. A major 

advantage is the elimination of the need for a dielectric break joint. 

Current trends toward reducing radiation exposure to workers may require 

full remote maintenance for conmiercial reactor operation. As a result, DEMO 

should demonstrate that Its 50% availability can be achieved using remote 

maintenance. This places a major burden on both performance and reliability 

of the maintenance equipment. DEMO has chosen to utilize remote maintenance 

but, because of the developmental nature of DEMO, a hands-on capability will 

be provided for operations outside the bulk radiation shield. 

A 4°K anti-torque structure provides the advantage of simplified blanket 

replacement and a simplified structure. However, it Increases the difficulty 

of remotely replacing a TF coll and limits vertical access to the blanket 

because the vacuum tank blocks most access. This vacuum tank provides an 

enclosure for poloidal colls. DEMO is utilizing a 4°K anti-torque structure 

and a common vacuum tank that encloses the poloidal coils. 
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A cross-section of the DEMO reactor Is shown in Fig. 1-4. Eight TF coils 

and eight blanket/shield sectors are used. All superconducting poloidal coils 

are located external to the TF coils. Four segmented copper control coils are 

located Inside the TF colls and are supported at the top and bottom by the 

center post and follow a pure tension shape in all other areas. The eight 

vacuum pumps are located in the basement and can be maintained independently 

of the blanket. Six pumps operate while two are regenerated. 
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2.1 General Design Considerations 

2.1.1 Introduction 

High availability is crucial to the commercial success of any machine, 

and a major emphasis has been placed on this aspect of the DEMO design. It is 

expected that steady-state plasma operation will increase the availability of 

the reactor system compared to pulsed, ohmically driven discharges for the 

long plant lifetimes required. The present work documents a survey of a num

ber of means proposed In the past few years to maintain steady-state tokamak 

operation. All the techniques considered here require some combination of 

external energy, momentum, or particle injection into the tokamak to maintain 

a toroidal plasma current in equilibrium against ohmic dissipation. The 

adaptation of different current drive techniques to the single DEMO reactor, 

as analyzed herein, enables a comparison of these several proposals in a com

mon frame of reference. To an extent, our conclusions would also be valid if 

a current driver were sought for the FED or a commercial reactor, since the 

DEMO is midway in size and toroidal current between these two cases. 

Our survey concentrates on the calculation of electrical power required 

for each candidate current driver to sustain the toroidal current. Since the 

(2) 
DEMO imist produce net electric power, and since previous studies suggested 

the circulating power may be substantial, this calculation of electric power 

requirements is the primary concern in our study. If any current drivers 

appear to have negligible power requirements (^l%*of gross electric power) 

then the capital costs for these systems can be considered influential for 

discriminating among these drivers. Whenever possible the current drive sys

tem is sized to also provide auxiliary heating to ignition. Engineering prob

lems have not been addressed in any detail, except for two drivers treated in 

the appendices. It is important to understand that the plasma physics theory 

of current drive has been developed to differing degrees of detail for the 

various drivers under consideration. In addition, the coupling of the driver 

to the plastna is not well understood for most of the drivers. Thus, our con

clusions regarding the relative attractiveness of the driver options for the 

DEMO are obviously tentative. 

Another shortcoming of this study is that most drivers are considered to 

operate in a purely steady-state mode; pulsed power injection may have bene

fits, and we expect our conclusions tnay be modified once pulsed power tech

niques are fully considered. 
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This report is organized with a discussion of the reactor design con

straints and a description of the reference DEMO parameters in the next sub

section. This is followed with discussions of current drivers requiring par

ticle injection in Sec. 2.2. Wave driven currents are treated in Sec. 2.3. 

Table 2-1 displays all the options considered in this chapter. 

2.1.2 Selection of DEMO Plasma Parameters 

Plasma stability analysis for the lower-hydrld-wave-driven STARFIRE reac

tor suggested that the maximum stable volume averaged plasma beta, B, in

creases as the toroidal current is increased and attains a broad centrally 

peaked profile.^^^ Consistent with the high performance goals of the DEMO, we 

require the driver system to generate a high current, high 6 plasma. We set B 

= 0.08, ad hoc, without quantitative justification of stability. We adopt an 

elongated plasma cross section with an elongation K = 1.6 and a moderate D-

shape characterized by a triangularity factor d = 0.2. (The exact geometry is 

defined in Ref. 4, where the equilibrium calculation is described in detail.) 

Larger values of d are desired for enhanced stability, but such highly shaped 

plasmas are extremely difficult to produce with equilibrium field (EFC) coils 

external to the toroidal field (TFC) colls. We examined equilibria with 

aspect ratios. A, equal to 3.6, 3.8, and 4.0; the cases considered have high 

current and small safety factors: 1^ " 1-0 °" axis and qj, ~ 2.0 at the limi

ter boundary, corresponding to a poloidal beta Bp " I.6. According to elemen

tary theory,'^^ stability is expected for g < ^ /A^. Our B is higher than the 

value for FED, reflecting our confidence that noninductive current drive will 

permit current density profile control to achieve the maximum beta with low-q, 

disruption-free operation. 

The equilibria we consider have broad pressure profiles, p = p I|Ĵ -'', 
(i) " 

where \() is a normalized poloidal flux function and p is the central pres

sure. The pressure is the sum of the products of the constituent species' 

densities and temperatures; we assume fairly flat density profiles, n = 

n IIJ^.S, and peaked temperature profiles, T = T if^.'. In the comparison of 

reactor performance at the three aspect ratios we have varied the plasma tem

perature and density, keeping 6 constant. The maximum toroidal field at the 

edge of the TFC is taken to be B,̂  = 10 T; the inboard blanket/shield thickness 

is Ag/g = 1.2 m; and the scrape-off width on the inboard side is A = 0.2 m. 

The results are shown in Fig. 2-1, where we have set the neutron wall load 

Wj, = 1.5 MW/m2 and calculated the required major radius, R. The results show 
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Table 2 - 1 . DEMO Current Driver Options 

Par t i c l e In jec t ion 
ijrlven Curre 

Uave-drlven 

currenta 

(Sec. 2.3) 

i ta 

P a r a l l e l Momentuni Input 

Neutral beam (MB) 

P a r t i a l l y Ionized heavy atom beaa 

Pulsed r e l a t l v i s t l c e lec t ron bea« (REB) 

Pulsed In t ense (charge neu t r a l ) ion bean 

Compresslonal Alfven wave (CAW), u « []. 

Shear Alfven wave, u « n . 

Low-speed oagnetosoalc (u » t l , ] wave 

Lower hybrid wave, 

Ion cyc lo t ron wave, u - 0. 

High-speed magnetosonic (HSMS) wave 

I n d i r e c t Means 
(Heating, Canonical Angular Momentum, e t c . ) 

Bootstrap 

P re f e r en t i a l alpha loss 

Minority ICRH 

Alpha Landau and t r a n s i t t i ne damping 

ECRH 

Anisotropic r e f l e c t i o n of synchrotron r ad i a t i on 
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the DEMO needs a major radius in the 5-m range. The ndnor radius, a, niist be 

about 1.3 m. All the cases in the figure are ignited, if electron energy 

containment follows empirical scaling, but the low temperature, high density 

regime yields a higher safety margin for ignition. On the other hand, current 

drive requirements favor high f , low n operation (a super bar indicates a 

volume average), even though the current, I, increases slightly at higher 

T . The largest aspect ratio (A = 4.0) in the figure results in the lowest 
e 
current, smallest device for a given T^, and, since the DEMO cost must be 

minimized, we select A = 4.0 as the reference value for the device. The 

choice R = 5.2 m and a = 1.3 m results in the minimum size machine which 

guarantees ignition at the lower limit of wall load, Ŵ ^ = 1.5 MW/m2. Opera

tion at higher wall loads (higher n^, lower T^) provides a greater ignition 

margin. 

Table 2-2 sunmiarizes the plasma geometry and MHD equilibrium selected for 

the DEMO. Figure 2-2 details the two-dimensional equilibrium solution for the 

magnetic fields and toroidal current density. These two-dimensional profiles 

of density and temperature are used in the power balance calculations pre

sented below. Note the broad current density profile, j(R), in the equatorial 

plane (Fig. 2-2b) which results in the large plasma current, I = 9.01 MA. The 

peak of j(R) occurs at R = 6.14 m, 67 cm outboard of the magnetic axis. Two-

dimensional current equilibria will not be calculated for the drivers con

sidered in Sees. 2.2 and 2.3; the only toroidal effects considered will be 

current density modifications due to magnetically trapped electrons. Side and 

plan views of DEMO are shown in Figs. 2-3 and 2-4; the eight toroidal coils 

have smaller vertical dimensions than an equivalent set wound in constant 

tension. 

In the survey of current driver performance it is necessary to examine a 

large number of plasma regimes: we consider T^ in the range 4 keV to 20 keV, 

and we examine plasma power balance with 0, 20, and 50 MW of auxiliary heating 

'^aux^ going either to electrons or ions, depending on the current driver con

sidered. Consequently a time-independent power balance is computed for the 

volume-average plasma variables, and we employ global containment times. In 

the banana regime, assuming f. = 12 keV, H = 1.5 x 1020 m"3, and Z ^^ = 1.4, 
-L e ett 

we estimate the ion energy containment time for a circular plasma to be one-

third of the neoclassical value: 1/3 TJ^^ = 6 S. For electron energy 
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Table 2 -2 . DEMO ParametGrs 

I 0.20 CI 
I r).if,5 I 

a^ - 0.7U m 

Ag • l .4 ' i m 

R l - 2 . 1 m 

1*2 - n .6 m 

^TKC • " • ' « '" 

^ u p • ' ^ ' ^ "̂  

8 TK c o l l s aHsumu.l 

T r i a n g u l a r i t y 

Vlaama volume 

F i r s t wall area 

Scrapeoff (Inboard) 

Scrapeoff (outboard, l i r a i t e r region) 

Inboard b l a n k e t / s h i e l d 

Out board bljiikct 

Outboard sh ie ld 

Inboard leg TVC 

Outboard leg TKC 

TfC thickness 

Support cy l inder 

0.65: pp r ipp le at R + ( a /2 ) 
by jpproxlra.ic? formula. 

10.n T 

4.»il T 

A.-i? T 

q.Ol MA 

O.OK 

0. 10 

. 9 2 

1.8 

n.()9/.M7 

0.6 

\.SH 

1.32 

S.i7 ra 

10.6 ult 

Maximum to ro ida l f i e l d , at mflK"et 

Turolddl f ie ld at KQ 

Toroidal f ie ld ut iiu,;netlc axis 

Volurae averj|!i;d beta 

RMS b i ' t d 

M.ii'iit:t It: axlH 

Liraiter « 

t 'rtbbure p r o f i l e : p(i|.) - Pgii ' - ' ' 

mama^netlsra Kfj.) - RH 

vH'\') - K̂  [1 - H ' ' ] 

J ' fl 0 0 0 ' 

Sh.ipe f.ictor 

Miinnetlc axis 

Self In.locfance 

"e,ed,;e 

^e.ed«e 

' ' l .ednu 

1 keV 

n . l k-V 

I , a l l temperatures 

•*. J l l pl.isma J u i i s l t l e 

Density e-foldlni ; length In liraiter shadow 

I.traperiituro e-foldln, ; h-ni!th In Umiter shadoi 

Heat flux e-foldtnR length In Umi te r shadow 
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Fig. 2-la. Major radius, toroiiial current, and average density 
vs. plasma temperature for fixed 3 (= 0.08), B\| 
(= 10 T), and neutron wall load, W,, (= 1.5 MW/m') and 
for different aspect ratios. 
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Fig. 2-lb. Fusion power and minor radius for 
the cases in Fig. 2-la. 
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PS I CONTOURS 

Fig. 2-2a. DEMO equilibrium poloidal flux. 
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PRESSURE 

3.0 .̂1) S.n fi.n 7.0 

TGROIDRL 

3.0 1. 6.0 7.0 

Fig. 2-2b. Equilibrium profiles in equatorial plane. 
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CURRENT OLNiS:TY COMTnuRS 

Fig. 2-2c. Two-dimensional current density contours. 
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' S : EXTERNAL CONTOURS 

Fig. 2-2d. External magnetic field required for equilibrium. 
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CF COIL 

EF COIL 

OH COIL-

FIBERGLAS SUPPOR' 

TF COIL SUPPORT 

BUNKET/SHIELD PEDESTAL-

SPARE COILS 

•ANTENNA ARRAY 

BLANKET/SHIELD SECTOR 

lOUBLE INSULATOR 

VACUUM PUMP ( 8 ) 

Fig. 2-3. View of DEMO showing typical locations and relative sizes 
of REB diode and antenna loop for fast wave (HSMS) launcher 
at 82 MHz. 
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ANTENNA ARRAY 

FIRST WALL 

Fig. 2-4. Top view of DEMO showing spacing of elements in the 
traveling wave antenna (82 MHz, HSMS). 
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confinement we adopt the empirical scalings proposed in FED and INTOR 

studies:(1.5) ,EMP = o.5 x lO'^O H^a2 x 2 exp[-(2 e^/Ay] , or x g ^ = 1.3 s 

for n = 1.5 X 102" m"3, a = 1.3 m, and gp = 1.6. The particle losses are 

due to diffusion and charge exchange, and, based on transport code 

simulations, we set Tp » 0.4 s. Noncircular boundaries ^ increases all these 

values by IK^/H + K^) , which is a factor 1.4 for K = 1.6. (We note in Fig. 

2-2a that the flux surfaces retain this elongation even near the magnetic 

axis, due to the broad current density profile.) Thus, Tjĵ pT̂ '̂ U.e " '* ^"^ 

T /T = 0.3; we use these ratios in all our calculations and compute the 

value of T,, required to achieve power balance. We specify a few percent of 

alpha particles and first-wall material in the plasma, resulting in a Z^jj = 

1.4. For most cases examined, the required ly g Is less than that predicted 

by the empirical scaling, so, in fact, the plasma must be "spoiled" by the 

addition of an Impurity (e.g., iodine) to increase the radiation and achieve 

power production balance. 

Tables 2-3 and 2-4 illustrate the plasma parameters for two particular 

cases, no auxiliary heating and 50 MW of rf heating (45 MW to electrons and 

5 MW to ions). Only parameters relevant to the current drive calculations are 

tabulated. Additional tables were compiled for other current drivers, e.g., 

neutral deuterium beam driven currents include 50 MW of auxiliary heating with 

the beam slowing down explicitly calculated and with suprathermal fusion in

cluded in the power balance. In special cases (D̂ ^ driven currents), ^Qff is 

Increased by the addition of argon to the plasma. For the case of ^He minor

ity heating the plasma is diluted by the addition of a 5% ̂ He concentration. 

Several points should be emphasized regarding the results. Notice fusion 

power peaks at T = 8 keV and decreases rapidly going to higher T for the 

fixed tokamak geometry and B- However, the electron density, n^, also 

decreases in going to higher T so we expect the current driver power to 

decrease with increasing T^, since, as we shall see, the driver power Is 

generally proportional to n^ for a fixed current and major radius. Also 

operation at 12 keV < T < 16 keV is necessary to achieve 
2 " 2 

1.5 MW/m < W < 2.0 MW/m . The quantity a^^p is the ratio of the required 

Ty g to that predicted by our empirical scaling, and we require a < 1 to 

achieve an ignited plasma. Thus, we see that operation at the lowest T 

values yields the greatest safety margin to guarantee ignition. 
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Table 2-3. 

fg, keV 

Plasma Power Balance for DEMO: P 
' aux 

4 6 8 10 12 

= 0 and Z tj: = eff 

14 16 

1.42 

18 

Pj, MW 955 1270 

Hg, 102° m"3 5.24 3.42 

Wjj, MW/m2 1.91 2.54 

Sp, 1020 m~3 2.23 1.46 1.06 0.806 0.639 0.520 0.435 0.371 

a„„„ 0.44 0.23 0.26 0.33 0.44 0.61 0.83 0.97 emp 

1320 

2.48 

2.64 

1230 

1.90 

2.46 

1080 

1.50 

2.16 

917 

1.23 

1.83 

766 

1.03 

1.53 

637 

0.883 

1.27 

Table 2-4. Plasma Power Balance for DEMO; P̂ ,̂̂  = 50 MW 

(45 MW to Electrons and 5 MW to Ions), 

RF Heating, and Z^fj - 1.42 

T , keV 6 8 10 12 14 16 18 

p MW 1320 1370 1280 1130 973 827 703 

Sg, 1020 m"3 3.42 2.48 1.90 1.51 1.24 1.04 0.900 

W , MW/m2 2.54 2.64 2.45 2.16 1.84 1.55 1.30 

Sp, I020m"3 1.46 1.06 0.811 0.644 0.528 0.443 0.381 

a 0.18 0.21 0.27 0.35 0.46 0.61 0.78 
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In the analysis of Sees. 2.2 and 2.3 the net electric production of the 

fusion power plant is estimated by the formula 

0.36 22 'P /n ) 
' aux aux^ 

(2-1) 

where all units are MW and rigyx ^® '*̂ ^ efficiency of converting electric power 

to the requisite power, Pgyx' absorbed by the plasma to sustain the 9-MA 

equilibrium. The gross electric output accounts for some energy multiplica

tion in the blanket; 22 MW is assumed necessary to operate the plant (pumping, 

cryogenics, etc.). For reactor engineering considerations, a reference set of 

operating parameters (corresponding to the REB driver of Sec. 2.2) is Included 

as Table 2-5. 

2.2 Particle Beam Drivers 

2.2.1 Neutral Atom Injection 

The use of neutral beams to generate plasma currents was first proposed 

by Ohkawa,'^ and the theory has been refined to a great degree through the 

efforts of Cordey, et al.^ ' Experiments on the Culham Levitron (10) and 

DITE (11) are in substantial agreement with the refined theory. 

Upon injection of a neutral beam into the plasma the atoms are ionized 

and circulate toroidally, their radial deposition profile being determined by 

the plasma density and temperature profiles and by the neutral atom veloci

ties. The circulating ions constitute a plasma current; however, momentum 

transfer to electrons pushes the electrons in the same direction, creating a 

reduction in the net current. In toroidal systems a fraction of the electrons 

are trapped; these do not contribute to the counter current if they receive 

momentum, and they also increase the friction on the circulating electrons. 

Thus toroidal effects can act to increase the net current relative to a 

straight field geometry. These effects are included in the approximate cur

rent density expression in terms of the fast ion (beam) current density, Jj, 

Z. 

. (8) 

J = It 

eff 

1 - 1.46/r A + 0.7 

eff 

(2-2) 

where the subscript b refers to the fast ion charge state. We define the 

local flux surface aspect ratio as e~l' and note that this formula is valid 

only for e << 1, i.e. near the magnetic axis, where the current density is 
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T a b l e 2 - 5 . P l a sma P e r f o r m a n c e : REB C u r r e n t D r i v e 

Tg, kev 

T^, keV 

"DTI >" -

"a/"DT 

"Be''"DT 

Pf . MW 

MW 

•^rad , MW 

MW 

, MW •^lim 

P a u x . " " 

•̂ REB 

R, SI 

p 
n e t ' 

, MW 

MW 

W, n e u t r o n 
, MW/m2 

• ' n e u t r o n ' "" 

Wrad ' "W/™^ 

Z e f f 

•^U.e ' s 

•^U.DT' ® 

16 

1 9 . 4 

1.03 X 1020 

0 . 8 7 X 1020 

0.08 

0.04 

766 

613 

- 3 5 

- 1 3 

- 1 0 0 

^ 5 

2 . 2 

5 . 8 0 X 10"9 

;S242 

- 1 . 5 

6 . 8 0 X 1017 

- 0 . 1 

- 1 . 4 

1.3 

4 X 10"3 

6 

0.4 

Fusion power 

ex to first wall 

Charged particles to limiter 

REB heating 

REB current drive 

Plasma resistance 

Net electric 

Wall load 

Neutron current density 

One-third of neoclassical 
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highest. In addition, this result assumes fast ion velocities, v̂ ,̂ nwch less 

than the electron thermal speed, Vg = /Tg/fflg, which is the regime of present 

interest. Thermal ion toroidal rotation, a component of the bootstrap cur

rent, is not included in Eq. 2-2. 

The power density, p, consumed in the maintenance of j is a function of 

the neutral atom injection energy, Zgjj, and the slowing down time, T^, of the 

ions in the plasma. In order to facilitate the comparison of various current 

drivers we will frequently examine a normalized current drive efficiency j/p, 

where we define j = j/(n^v^e) and p = p/(n^m^v2v(,), with rag and e the electron 

rest mass and charge and with VQ E n In Ae''/(2Tiegm v3), in A being the 

Coulomb logarithm. Thus 

j/p = 

2iieSm v2 
" e e 

n e3 In K 
e 

0.96 X 1018 

(J/p) 

20 

en A 
(J/p) (2-3) 

Unless otherwise specified, all units in this report are SI, except for 

plasma temperatures, which are in keV. The dimensionless quantity j/p is a 

function of v>/v , and we display a typical beam driver result in Fig. 2-5, 

which is adapted from Ref. 12. The figure demonstrates that there is an 

optimum beam energy, Vu/v « 0.2, which maximizes j/p. Furthermore, when Z. < 

Zgjj, the neoclassical effects act to increase j/p. (When Zgjj < Z^ the 

opposite is true, as evidenced by Eq. 2-2.) The functional form of Eq. 2-3 

demonstrates that high temperatures and low densities raise the current drive 

efficiency, j/p, for a given j/p. 

Equation 2-3 is local in minor radius, and we generalize the calculation 

with a spatial Monte Carlo simulation of the beam slowing down, integrating a 

more accurate form of Eq. 2-2 along test particle orbits: (9) 

J = 
ii< a2 b= 1 0 271 Rj 

/„.2o + h^\e 

eff/ 

1 -

eff 

1 - 1.55/1 + 
0.55 

eff/ 

/F 
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<Q_ 

Fig. 2-5. DO injection in to D-T plasma with Ẑ ĵ 2. 
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where v is the fast ion toroidal velocity and Ig is the beam current in

jected. The code follows the neutral atoms, computes their position of ioni

zation, includes finite Larraor radius effects, calculates the subsequent ioni

zation and guiding center drifts, and slows the particles down. The actual 

flux surfaces of Fig. 2-2a are modeled for this calculation by concentric 

ellipses centered at RQ with a = 1.3 m and b = 2.1 m. Plasma temperature and 

density is constant on flux surfaces and we model the profiles as 

T(r) = To[l - (r/a)2] 

(2-4) 
0.3 

n(r) = nofl - (r/a)2] 

across the equatorial plane. The beam is assumed cylindrically sytmnetric with 

a Gaussian current density of half-width 20 cm. The toroidal current density 

profile, j(r), is sensitive to the radius of tangency, p, to the plasma; the 

beam axis lies close to the equatorial plane. The code integrates j over the 

plasma cross section and computes the total current I for a given injection 

power P. , 

The most attractive regime appears to be for Zv < ^~ff From Eq. 2-2 it 

is obvious that j/jj, is maximized by minimizing Zv/Z jj. We selected a 

deuteron beam and increased the plasma impurity content until Z^c = 3.1; 

higher Z^jj jeopardizes ignition and yields only small increases in I/Pj,. The 

test equilibrium had Tg = 18 keV and n = 0.84 x 1020 m~3, and the optimum 

injection energy, 3 MeV, resulted in I/Pĵ  = 0.14 A/W with p = 4.5 m. (Sup

pression of neoclassical effects by setting e = 0 resulted in a lower value, 

I/P|, = 0.11 A/W). Figure 2-6 displays the resulting current density pro

file. The extension of our results to other Tg, Sg values would actually 

require additional numerical computation, but based on the functional depen

dence of Eq. 2-3 we can approximately extrapolate these results as 

[Tg/18 keV) A/W 

(Hg /0.84 X 1020 n,-3j • 
^/^b = 0.14 ^_ ^ ,̂  _ ..,„ .,, , (2-5) 

where we assume the deuteron beam energy is adjusted to keep j/p constant. 
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Fig. 2-6. Current density profile for 3 MeV 0° Injected into 
a = 0.84 X 1020 „-3 „ith Z^^^ = 3.1. 
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For comparison, we studied SiO injection into a plasma with Zg^j = 1.6 

(due in part to a steady-state concentration of Si, ng^/n^.], » 0.1%). The beam 

is injected counter to the toroidal current at a shallow angle to the equator

ial plane, with p = 4.2 m. For a 56-MeV beam injected into a Tg = 18 keV, n^ 

= 0.88 X 1020 m-3 plasma we find I/Pj, = 0.12 A/W if neoclassical effects are 

suppressed. For the case in which neoclassical effects are present, I/Pĵ  = 

0.047 A/W, which is much poorer than the D~0 case cited previously. 

Returning then to the DO beam, we have plotted Pĵ  and the corresponding 

neutral beam current, I. , based on Eq. 2-5, as well as the gross electric 

power production (0.36 x Pj), over a range of operating regimes in Fig. 2-7. 

Plasma surface sources^ ^ are expected to deliver several hundred mA of D so 

we expect between ten and a hundred sources would be needed for the system. 

Electric quadrupole focused rf accelerators^ ' seem well suited to handle the 

high energy, high current ion beams in a CW manner. These accelerators cap

ture and transmit ~85-90% of the incident beam with power efficiencies =35%, 

and designs are being considered for beam lines which can carry 1-3 A. 

Several beam lines could be constructed in parallel to provide the full cur

rent. It appears that laser photodetachment will be mandatory in order to 

maximize the neutralization efficiency of the D beam, although the develop

ment of this system may be difficult in the relatively short time period lead

ing to the DEMO design specification. We feel a realistic overall efficiency 

for delivering Do to the plasma with an rf accelerator would be n = 0.35, 

and this value is used in Eq. 2-1 to estimate the net electric power produc

tion of the DEMO. From the figure we see that net electric power production 

is marginal at best and probably not possible at low temperatures. In 

contrast, there have been suggestions that electrostatic quadrupole (ESQ) 

accelerators could be developed to deliver 2 MeV DO at n at 0.80. If this 

is actually achievable it would dramatically alter our conclusions, permitting 

net power production at the 150-MW level in DEMO. Consequently, the success 

of neutral beam driven currents for steady-state operation of the DEMO hinges 

on the question of the accelerator/neutralizer efficiency. Negative ion 

sources, ESQ accelerators, and photodetachment laser neutrallzers deserve more 

study by the neutral beam community prior to making a final judgment as to the 

suitability of neutral beams as the DEMO current drive system. 
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Fig. 2-7. D'̂  at 2 MeV, Zgff = 3.1, including neoclassical effects; gross 
electric power production is 0.36 x Pf, beam current and power 
are labeled Ij, and Pj,, and net electric power, Pj,, is shown for 
two system efficiencies. 
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2.2.2 Pulsed Relatlvistlc Electron Beam (REB) Injection 

Toroidal equilibria with relatlvistlc electron currents were first 

studied by Yoshikawa and Christofilos,^ and Ikuta'' explicitly proposed 

the application of the REB to steady-state tokamaks. REB dynamics in curved 

magnetic fields have been studied in theory and experiment by a number of 

authors,^'^^ and a variety of successful means have been used to inject and 

r 18^ 
trap an REB in a full torus.^' Subsequent experiments have produced long-

( 19) 
lived toroidal equilibria by injection into plasmas both without^ and 

with^^''^ preexisting toroidal current. The principal reactor-relevant study 

to date has emphasized only the auxiliary heating benefits of the REB to 

(21) ignition-sized tokamaks.^ 

The theory presented here predicts a very high efficiency for generating 

current with the REB, and this appears to be due to two circumstances con

nected with the REB. First, the REB is naturally operated in a pulsed, repet

itive mode (and consequently our interest will settle on the time-averaged 

power consumption as the figure of merit rather than the instantaneous power 

requirement). In the second place, we will see that the plasma resistivity 

must vary temporally in an appropriate fashion in order to greatly reduce the 

average power requirements relative to that needed for other drivers. Pulsed 

power injection with resistivity oscillations may be used to advantage with 

other current drivers, but the benefits for other drivers are not as dramatic 

and are harder to implement compared to CW power injection. Thus, the REB is 

the only major driver in this study which is assumed to be pulsed. 

Generally speaking, REB injection into a plasma creates a double-humped 

electron distribution function. The thermal electron contribution is treated 

with a fluid equation; it is essentially a shifted Maxwellian with the drift 

speed determined by an electric field. At very high velocities (v. = c) there 

is a bump on the electron tail; these relatlvistlc electrons are created by 

injection, and their slowing down is determined by collisions and any electric 

field. 

The plasma thermal electron momentum balance is 

m V = eE - m v.v a , (2-6) 
e d e d m 
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where v^ is the electron drift speed, E is the electric field, and u is the 

momentum transfer rate from plasma electrons to ions, including neoclassical 

effects. (A dot indicates differentiation with respect to time.) The param

eter a indicates a time variation of plasma resistivity, due to anomalies 

driven by wave phenomena. Generally, the nonthermal (beam) electron component 

also carries momentum; for cases of interest in this paper the collisional 

momentum transfer from nonthermal to thermal electrons is negligible. We mul

tiply this equation by nge/[m v a] to get an equation for the plasma current 

density, jp = "gevj: 

J L % L. • 
av dt an 

m 

where n is the neoclassical resistivity. We assume the current profile j 

never varies; i.e., the self-inductance is a constant: L = 0. Then we Inte

grate this last expression over the plasma cross section: 

, dl 
Ip + - ^ ^ = ^ . (2-7) 

av dt aR 
m 

where 

I = / dS j , the plasma (bulk) current; 

R = 2irRo/[/ dS n~l], the resistance; and 

V = 2TiRgE, the loop voltage. 

The nonthermal (noninductive) component of current due to injection of 

the beam is denoted Î j, and the total current is the sum of the beam component 

plus the thermal portion: 

I = Ip + Id • (2-8) 

Unlike purely steady-state current drive situations in which d/dt E 0, 

the pulsed mode of operation introduces an electromotive force into the cur

rent drive calculations, and this electric field must be determined self-

consistently by Lenz's law 

V = -L'I . (2-9) 
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We desire an equation governing I after a short turn-on period required 

to establish the circulating beam; after turn-on we can combine Eqs. 2-7 -

2-9, and, provided Ip » i /(av^) (which can be shown a posteriori) we find 

I = . L . ^ + l^ . (2-10) 
aR dt 

We define an auxiliary time variable 

, = f' «(t') dt- _ (2_ii) 
•̂0 L/R 

so this becomes 

I = -dl/dx + I^ , (2-12) 
d 

which has the solution 

I = e"''[C + r dT'e^'lj(T')l ; (2-13) 

C is a constant of integration, determined by initial conditions. The in

crease in total current during a fast turn-on («1 ms) is negligible so we set 

I(T = 0) E IQ, the value before turning on the external power source. We de

fine the driver current after turn-on as I (T = 0) E I 
d do 

If Ij > I the total current increases immediately after t = 0. This 
do 0 

situation is depicted schematically in Fig. 2-8. Our interest focuses on the 

injection of an external amount of energy, <fj, in a pulsed fashion. Thus, the 

driven current IJ initially exceeds IQ but will decay to a value less than IQ ; 

the time dependence of Ij will depend on the details of the injection scheme. 

As long as IJ > IQ, a period of duration At, the current increases. Once t = 

At the increase in total current has reached its maximum, Al. Beyond this 

time, I < 0 and a forward emf sustains the current. Provided the nonthermal 

current component has substantially vanished after t = At, the time period for 

I to decay back to its Initial value is simply determined by the plasma induc

tance and resistance as 

6t = (L/aR) Jlnfl ••• Al/Ig) . (2-14) 

2-26 



St-

I l o + AI •• 

In 

10' 

10 

\ 

Fig. 2-8. Schematic time dependence of driver current, total 
current, and resistivity enhancement. 
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(For th is discussion we assume a i s uni ty a f t e r t = At . ) Our goal i s to iden

t i fy the pulsed driver scenario which raaxiraizes the in t e rpu l se per iod. At + 

St , for a given S^, thus minimizing the time-averaged dr iver power. 

<Pj> = <?d/(At + « t ) , (2-15) 

required to maintain a given value of IQ _ 

Before presenting the detailed solution to this problem it may be more 

transparent to take a heuristic form for Ij(t) which illustrates the impor

tance of the resistance variation, a, to the success of this pulsed current 

drive scheme. Thus, we model the driver current as 

do 
0 < t < At 

^ ^-v(t-At) ._ X ̂  
I. e , At < t 
do 

(2-16) 

with 

a = 

constant > 1 , 0 < t < At 

At < t 

(2-17) 

The solution for 0 < t < At to Eq. 2-13 

I = loe-^/^^/"'^) + I 
do 

1 - e -t/(L/aR) (2-18) 

If IJ only exists for a short period At « L/(aR) then the increase in total 

current is 

Al = I(t = At) - In 

.Ijo • Io)«'^t/(L/R) . (2-19) 
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The solution to Eq. 2-13 for the period At < t is 

'T 4. AT^^"(t-^t)/(L/R) IQ + AI)e 

T r„-v(t-At) „-(t-At)/(L/R)| 

1 - uL/R 

We will assume the current driver decay period, u~l, is very short compared to 

the period 6t before the next pulse, which may be easily achieved in practice. 

In addition, in a hot plasma we will assume St « L/R. With these approxima

tions we find the period t - At = 6t by equating the last expression with lo: 

5t Al (L/R) 
Io+ Al 

Since 5t « (L/R), this can be rewritten as 

6t = - ^ (L/R) . (2-20) 

which, of course, is the limiting case of Eq. 2-14 when a = 1. Substituting 

Eq. 2-19 we find 

6t = |(V^o) - l|«" • (2-21) 

* 

This last equation is important and demonstrates a variety of possibili

ties for extending the interpulse period 6t, thereby reducing the average 

power, <P(j>. One mechanism, treated in Ref. 22, assumes a constant resistance 

(a = 1) for all times and relies on plasma density reduction during the At 

period to maximize the quantity l(jo/̂ 0 in Eq. 2-21. The penalty associated 

with this approach is that the fusion power density varies as n2 and will 

consequently vary greatly due to the density cycling. We do not consider this 

a viable operating mode for the DEMO. 

Instead, we assume density is held constant, and we examine the increase 

in 6t associated with an increase in resistivity (a > 1) during At. While 

neoclassical resistivity could be changed if dynamic control of Zgjj or Tg 

were possible, we note that REB injection automatically raises o without 

affecting the macroscopic plasma condition (n, Tg, Z^^^). In fact, a large 

( y ] 2*^—2 5^ 
bulk of theoretical and experimental analysis^•'^ >'=•-' ^-" suggests a may greatly 
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exceed ten during REB Injection; this is evidently due to the nonlinear 

behavior of the two stream instability, which acts to enhance the return cur

rent's momentum transfer to the ions. 

For purposes of illustration let us suppose a » 1. Then, provided I^^ 

significantly exceeds lo, we see from Eq. 2-21 that St » At, and substitution 

of Eq. 2-20 into Eq. 2-15 shows the general result 

<Pj> = 
<^d 

/(L/R) 
(2-22) 

^ Al/Io 

If expression 2-19 is used for Al, this becomes 

<P > = d (2_23) 

' "[(Ido^lo) - 1] 

If the resistance is greatly amplified during At (a » 1) then the average 

power can be small indeed. 

The reduction in time-averaged current drive power may be explained phys

ically. By increasing a during At the reverse current (driven by the reverse 

emf) is more strongly retarded. Thus, I (total current increase) is larger, 

and more of the driver energy, j, is stored inductively in the Al incre

ment. As a is increased, a greater proportion of ^ '^^" be transferred with

out dissipation (plasma heating) to poloidal field energy. Then, after t -

At, a returns to unity and the inductive energy drives a forward emf, sus

taining the decaying current I for a period St. We note that this inductive 

current drive phase (At < t) enjoys an extremely low power requirement, i.e. 

that due to ohmic dissipation. Consequently the average power input over the 

whole cycle, <Pd>, can also be quite low. 

There is a lower limit to <Pd>. Taking the extreme case in which 

a » (L/R)/At , 

we note the expression 2-19 is not an accurate evaluation of Eq. 2-18. In

stead, we obtain the upper bound for Al: 

rTj = A [-J Llz] - LIQAI , (2-24) 
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which states that, in this limit, the driver energy is transferred completely 

to the poloidal magnetic fields. Then, substitution of this relation directly 

into Eq. 2-22 shows 

2 
lim <P > = IflR . 

aAt/(L/R)^ 

Thus, this resistance oscillation always results in <P,> greater than the 

equivalent ohmic power needed to sustain lo. 

We now proceed to calculate <P^> more accurately in the a » 1 limit. 

Thus, we need to replace Eq. 2-16 with a better formulation for the beam cur

rent. The dynamics of relatlvistlc beam electrons are given by^ ' 

dy 

d t 

dU 

d t 

eEU ^ e ^ 

m^c2 ( Y 2 _ 1 ) 1 / 2 

e E f l - u 2 / c 2 1 " t ^ " 

f 2 , ^ 3 / 2 m Y ( Y 2 - 1) 

where ym c2 is the total electron energy and U is the electron toroidal veloc-
e 

ity. In terms of these variables the beam current density is [n eU), where n, 

is the density of the beam (driver) electrons. Terms proportional to E 

represent energy and momentum changes due to the emf. The term with v repre

sents beam energy loss due to collisions with thermal electrons, and v^ 

accounts for parallel momentum loss due to slowing down and pitch angle scat

tering on the thermal electrons and ions. For the special case in which a ->• 

1, i.e., for no enhancement of the return current's resistivity, the colli

sional terms dominate the emf; the REB problem for this situation is solved in 

Appendix A. For the more Interesting case, a » 1, we will find that E is 

large enough to neglect the collisional drag. We assume the REB is injected 

completely parallel to the magnetic field, without a perpendicular velocity 

component. Under these circumstances the equations governing relatlvistlc 

electron dynamics reduce to 

y = eEU/m c2 (2-25) 

|U| = cfl -7-2)1/2 _ (2_26) 
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We close this system of equations by computing E from Eqs. 2-9 and 2-10; we 

set I = IQ in the result, since T « 1. 

E = aR[l(, - IJ|/27TRO , (2-27) 

= aRJio - Ij^!u|/iuj]/2,iRo. 

Uj is the Initial value of U, Immediately after injection, 
a 

We add to our list of definitions with the following normalizations: 

X = |u|/c and b E IQIU |/[l, c) . For the sake of illustration let us assume 

I„ and I. are positive quantities . Then, from Eq. 2-27 we find E < 0 

(retarding the REB motion) as long as I > Ig , i.e. for x > b. Thus, I, > I„ 

is a prerequisite for driving currents with the REB. In the DEMO a circu

lating beam current exceeding 9 MA is necessary. This can be achieved, for 

example, with a cathode current, 1^, of 26 kA, operating for tj_ = 100 ps. 

For 1.5 MeV (kinetic energy) electrons, the initial values of y and |u| are 

respectively YJ- 4.0 and \u^\ = 0.968 c. Thus the toroidal transit time for 

one of these electrons is t̂ .̂  = 2TIRO/|U | = 0.112 ps, and the total, stacked 

current is I, = I t /t = 23.2 MA. As a service to the reader. Table 2-6 
00 c t-o tr ' 

collects the myriad definitions Introduced in this section. 

Combining Eqs. 2-25 - 2-27 we get the equation 

i = -[a/a)(l - x2]3/2(^ _ j,) . (2-28) 

where 

o E [2.R„m^uy[eRI_jj] . 

Recalling that E = 0 once x = b, we note that our neglect of Coulomb colli

sions is not valid once x = b, regardless of the magnitude of a. So Eq. 2-28 

only applies when x > b. This REB equation, 2-28, is utilized to obtain 

explicit expressions for 

= / a(t') dt'/L/R = / a ( f ) dx/(dx/dt-)/(L/R) 

d 
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Table 2-6. REB Definitions 

Symbol Meaning 

Electron rest mass 9.1 x 10 ^^ kg 

Speed of light 3.0 x 10^ m/s 

Total relatlvistlc electron energy normalized to mgC^ 

Relatlvistlc electron toroidal velocity 

lU/c] _3 
Density of relatlvistlc electrons In plasma 5.9 x 10^° m 

Electron charge -1.6 x 10—19 C 

Initial toroidal transit time; 2iiRo/lU,[ 0.112 ys 

Period of diode operation 100 jjs 

Period when I^ > 0 (slowing downtime for REB) < 50 ms 

Period of forward emf; -aI(L/R)/lo 3.7 s 

d' 
Time normalized to L/Ra 

Maximum increase in I 

Yd 

"d 

"d 

'do 

b 

Initial value 

Initial value 

l"dl/= 
Initial value 

I l".l/fW) 

of 

of 

of 

Y 

U 

Ic 

401 ms 

Self-Inductance of to ro ida l current 10.6 yH 

Neoclassical one-turn res i s tance 5.80 x 10 ^ fl, ( 16 keV) 

Major radius 5.2 m 

Loop voltage 

eraf; V/2TTR(J 

Plasma electron density 

Thermal electron drift speed 

1.03 X 1020 m 3 (16 keV) 

2.0 X IQS m/s 

V Homentum transfer frequency from thermal electrons to ions 2.7 x 10 6 

a Ratio of resistivity to neoclassical value 

lo Equilibrium toroidal current; initial value of I 9.01 MA 

I Instantaneous cathode current during diode operation 26 kA 

IJ REB current in the plasma; Ido^''^d 

I Plasma current due to thermal electrons 

o/l̂ tr 

REB kinetic energy delivered by one diode pulse (yj - 1)mgc2l^tj_(,/e 

Time-averaged diode power; -^/[tt + fit) 

4.0 

2.90 X 108 m/s 

0.968 

23.2 MA 

0.376 
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and for 

where 

T r'' 
f di' I (T') = fl, c/U L/R) / a(t')x dx/(dx/dt') , 

J„ d ' do d -< 

d I d I 

These two quantities are then inserted into the current equation, 2-13, 

evaluated in the T « 1 limit: 

I(T) = I, ,[1 -xl + r dx'I^(T') 

We find 

K T ) In + If 
g/b 

L/R (1 - y2) 
1/2 

(2-29) 

This last expression is a major result and deserves some comments. The 

function in brackets is evaluated in terms of the Instantaneous value of x = 

U/c as the beam slows down. In particular, once x = b the electric field 

changes sign and I has reached its largest value. Our interests will focus on 

this maximum value of Al, when x = b, and we will be unconcerned with the 

eplicit time behavior of I. Notice, from this equation, il is not sensitive 

to a in this a » 1 limit; this independence of a was anticipated by the upper 

limit on Al predicted by Eq. 2-24. In fact, Al depends crucially on the 

parameter o/b. The ratio o/b is not a function of the REB parameters, and, 

for the example cited in Table 2-5, o/b = 1.07 s and L/R = 1830 s, so we find 

Al = 18.2 kA by setting x - b in Eq. 2-29. Consequently, Al/Io = 0.2%, a very 

small current ripple, and we expect pulsed REB current drive to negligibly 

perturb plasma characteristics such as the MHD equilibrium. On the other 

hand, Al for this a » 1 case is much larger than the special case (a = 1) in 

which collisions dominate the REB dynamics. We can approximately order Al for 

these two limiting cases from Eq. 2-29 and Appendix A: 
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M 
lo 

•'df^^'^d^^ra'^^L/R) , a » 1 

I 7dV;l/(L/R) , a = 1 

For the example of Table 2-5, Al is larger by a factor cv /fv v 1 » 40 when 
e ^ d m' 

a « I compared to the a = 1 case. This translates, of course, into relatively 

lowcir values of 'Pj> when a is large. 

Another useful expression for Al obtains in the limit y » 1 and b « 1: 
d 

Y ,m c2 2TTRn 
d e " 

Al 
ecL 

If we write the toroidal current's inductance as L = u^R^]in(SA) - 1.75] =» 

(1.4)y()R , then we have Al = I [2(1.4)] , where, in REB parlance, the Alfven 

current is I. i 4Tief,m c^x y /e = 17000 x Y , amp. Thus, AT is always less 
'̂  ^ e d d d d 

than a few times the Alfven current. 

The current increase, I - lo, is plotted in Fig. 2-9 as a function of the 

beam velocity, U, for the case y = 4.0 and ,f, = 4.0 HI. The REB initially 

has X, = 0.968 and U remains close to c even while most of the REB kinetic 

energy is lost, i.e., x > 0.9 while (y - 1) decreases from 3.0 to 1.3. Most 

of the increase in I - lo occurs in this early phase when V ~ c. As the beam 

slows, the bump on the tail of the electron distribution moves toward the 

thermal electrons; the thermal distribution has a half width Vp/c = 0.18 for 

Tg = 16 keV. Thus, when x gets sufficiently small the two stream instability 

can no longer be excited, and a will most likely return to unity. Referring 

to the figure, we see b is sufficiently small that a will be close to one 

after the electric field changes sign (at x < b). Moreover, the evaluation of 

Al at X = b is reasonable since I - IQ is insensitive to a premature disap

pearance of the two-stream instability, provided a >> 1 at least for the 

period Xj > x ^ 0.7. 

For emphasis we reiterate a caveat on the validity of the theory. We 

assume once E changes sign the beam has slowed sufficiently that the two-

stream mode ceases to exist. Thus, we assume a = 1 for all times when x < b, 

so classical collisions dominate beam slowing until U » v^. This means our 

theory is valid only for cases in which b is small [~ 0.1 to 0.4, such that 

(Y - l)mgc2 ~ 5-50 keV, and the beam has coalesced with bulk plasma elec

trons]. Another case, which we do not consider, exists if b is large. Here 
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F i g . 2 - 9 . Yd = 4 . 0 , <?d = 40 MJ, DEMO w i t h R^ = 5 .2 m, I^ = 9 . 0 1 MA, 

L = 10 .6 pH. 
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the two-stream mode may exist with a large a >> 1 after E changes sign. Then 

a "runaway" situation exists, the forward emf sustaining the beam population. 

In the period for x < b when collisions dominate the REB slowing down a 

small increase in I also occurs. However, using the methods of Appendix A it 

is straightforward to show that this increase is negligible compared to Al 

calculated from Eq. 2-29. 

In the final period, t > At, the beam driver current has vanished so I 

must decrease. By our assumptons a " 1 so the forward emf maintains an 

(ohmic) current for a period {t, given by Eq. 2-20. Once t = At + fit the 

cycle is complete, I = lo, and a new REB pulse is required. The period be

tween pulses is thus At + fit (recall tf_Q « At). The period At is much less 
-1 

than the collisional slowing down time, YJV 
d e 

50 ms (see Appendix A), hence 

At << fit. Thus, combining Eqs. 2-20 and 2-29, the t ime-averaged REB power i s 

-1 

n'̂ d 

a a , ( b / a ) 
(1 - y2) 

1/2 
J b 

(2-30) 

where 

are y 

:,b/o (Y ~ l ] l 2 R / b . The only beam va r i ab l e s en te r ing t h i s express ion 

and <?,, b being a funct ion of these v a r i a b l e s , 
d u 

Figure 2-10 d i sp lays <P >/lgR for the DEMO. Values of tfj y i e l d i n g b > 

0.4 are ind ica ted by the dot ted por t ions of the curves , and we r e c a l l tha t our 

theory i s not app l i cab le in t h i s regime. Values of ^^ corresponding to b = 

0.1 are denoted with open c i r c l e s ; such low values of b may suffer from a p r e 

mature disappearance of the two-stream i n s t a b i l i t y and reduct ion in a, so 

<P,>/I?R may be somewhat l a rge r than shown in the f i g u r e . We a l so note tha t 
d 0 

if Y(j approaches unity the beam is not highly relatlvistlc fu « c) and the 

two-stream mode is likewise unlikely to appear, so we focus our interest on 

cases with Y . ^ 1.3. 
d ".' 

A noteworthy feature of Fig. 2-10 is the linear variation of <'P^> with <?j 

for a fixed Y J in the range b < 0.4. In all cases, the minimum <Pj> 

approaches but is always larger than igR , as predicted earlier. For the 

example Y J = ^-0 we illustrate the energy flow during the current drive 

cycle Energy conservation demands that the return current ohraic heating plus 

the increase in inductive energy be equal to the work done by the REB against 

the reverse emf: 
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Fig. 2-10. DEMO with RQ = 5.2 m, I^ = 9.01 MA; dotted curve has b > 0.4, 
and open circle denotes b = 0.1. 
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W„ = W„ + — (LI2/2) 
^ " dt 

-I.V = I V + — (LI2/2) 
^ P dt 

= (-IJ + I]V + Lli . 

Substituting Eqs. 2-13 and 2-27 for I and V, respectively, and using Eq. 2-11 

to perform the time derivative, the right-hand side of this equation 

explicitly reduces to "Ij^i verifying the accuracy of our formulation of the 

behavior of I. Thus, in Fig. 2-11 we display the energy split over a range of 

SJ, values; the REB energy loss as x is reduced from x. to b is 

"E = -^d^ - (^- l)/[Yd- ^)] ' 

-1/2 
where Y. = (l ~ t|2] ; the inductively stored energy is A(1/2 LI2] = LIQAI; 

and the return current heating is W = W„ - LI„AI. We find that for ̂ j > 4 MJ 
J2 E " d ~ 

the value of Al and, hence, the inductively stored energy is almost indepen

dent of <fj, while the return current heating (the shaded portion in the 

figure) becomes the dominant energy sink. This demonstrates how, for a fixed 

YJ, low <5", injection results in the most efficient current drive, wasting the 

least amount of energy on return current heating. 

An alternative expression for <Pj>. appropriate to the high y^, high S^ 

range where <P(j> " <?,. is 

<PJ>/I2R = 2,fy[l^lo,oRol . 

This can be rewritten in terms of the beam strength parameter, v E Yjldo/fy^. 

as 

d V <?d 

I§R Tj yoRoIj„Io/2 

In order to compare the normalized j / p with other cur ren t d r i v e r s , we 

rewri te Eq. 2-30 as 
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Fig. 2-11. DEMO beam energy losses for REB slowing down by 
reverse emf; y, = 4.0. 
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assuming a uniform plasma and expressing R in terms of v . Hlrshman 

the neoclassical v to v (defined prior to Eq. 2-3) as v 

(27) 
relates 

Kuo where K is a 

function of Z^^^ and the local aspect ratio. Then with j/p = 2TiRoIg/<P > , we 

obtain 

j/p n V fm c2/^, 
e p^ e d 

fv /cl 
• e 

K 

y 

L/1 - y2 _ 
(2-31) 

where V is the plasma volume. Figure 2-12 displays j/p versus Uj/v for the 

DEMO with Tg = 16 keV, n^ = 1.03 x 1020 m~ , Z^jj = 1.4, and an "average" e = 

0.125, for which K = 0.56; the case plotted has ^^ = 4.0 MJ. In the figure 

values of Uj/v^ £ 4.8 have b < 0.1 so j/p may be smaller than Indicated, as 

discussed earlier. Values of U./v > 5.5 have b > 0.4 and our theory is not 
a e ~ ^ 

applicable in this region. Consequently, for YJ in the range =2-4 we find j/p 

is very large (an order of magnitude higher than for CW power injection; cf. 

Appendix A ) , approaching the efficiency of inductively driven ohmic dis

charges. From Eqs. 2-3 and 2-31 we note that j/p is independent of n^ but is 
3/2 proportional to T ' '; thus, as with other current drivers, high temperature 

(low density at fixed g) operation maximizes the current drive efficiency. It 

should be pointed out that n./n + 0 as YJ ->• °° and that the two-stream 

instability vanishes if nj/n^ << 10 ^ . Consequently, there is additional 
-3 

concern that a is not greatly enhanced at very large y ,\ already n,/n < 10 at 
o d e 

Y . = 4.0. (Moreover, we find for a < 102 the collisional terms in the REB 

dynamic equations begin to be significant.) 

To assess the impact of smaller values of a on the REB problem the REB 

equations were solved numerically, including collisions as well as the emf. The 

result for <P,> is given in Fig. 2-13 for the DEMO for several values of a. 

Note that the solid curves are the limiting cases which have been derived in 

this section and in Appendix A. 

We can estimate the enhancement of a for the DEMO. There are several in

stabilities which can increase the collision frequency between the plasma return 

current electrons and background plasma ions. The collective interactions which 

have received the most attention and which correlate well with experimental 
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data^^-'^ are the Buneman, ion-acoustic^ % and the kinetic phase of the beam-

plasma two-stream instability.^^''^^^ For the DEMO plasma and beam parameters 

the return current drift velocity, vj, is much less than the electron thermal 

velocity, v , or the ion-acoustic velocity. Thus, the Buneman and ion-acoustic 

modes are stable and are not expected to increase the effective collision 

frequency. 

Papadopoulos^'^^' ^ has developed a full nonlinear treatment of the beam-

plasma electron two-stream instability in the kinetic regime which predicts that 

the two-stream waves excite finite amplitude ion waves which can produce an 

effective d.c. resistivity. The corresponding effective collision frequency is 

V = m 2fi where kX is the characteristic wavenumber Debye length product 
m D D 
for the ion waves and 6 is the linear growth rate of the two-stream instability 

in the kinetic regime. The theory includes both analytical models and numerical 
(23) 

simulations and is in agreement with experimental data. 

For the DEMO plasma and beam parameters the ratio of the beam number dens

ity, n J, to the plasma electron number density, n , is n,/n = 4.8 x 10"**. 

Assuming that the average angle of the beam, 0, is greater than 15 deg [o > 1/Y) 

and (An/n ] < 0.15, the two-stream instability is in the kinetic regime. The 

quantity An/n. is the fraction of the beam which can be considered as mono-

energetic. 

The average angle Q can be controlled by shaping the cathode or injecting 

the beam at a non-zero angle with respect to the tokamak magnetic field. The 

ratio of An/uj depends on the kinetic energy of the injected beam and thus is 

also controllable. 

The linear growth rate,^ -'-' fi, for the two-stream instability for the 

DEMO plasma and beam parameters (Y , = 4, n,/n = 4.8 x 10"'*, 0 = 17 deg, n = 

1.2x1020 m 3j is 5 = 6.8 x 10^ s~l . The corresponding electron-ion Coulomb 

collision frequency is v^ = 3 x 10^ s"'. Since the growth rate exceeds the 

Coulomb collision frequency the two-stream instability is unstable and an 

enhanced collision frequency is expected in DEMO while the beam is present. 

_The qusasihydrodynamlcR phase of the beam plasma mode is not considered since 
9 > 1/Y. 
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The effective collision frequency can now be determined. The analytic 

approximation for kX = 0.03-0.3 depending on the initial noise level of tlie 

secondary waves. The numerical simulations,^ ^ when scaled to the DEMO 

parameters, predict kX = 0.1, which lies within the range of the analytical 

predictions. The effective collision frequency is v = 4 x 10^-4 x 10^ s~l. 
ra 

Thus, the effective d.c. resistivity is enhanced by a factor of lO'* to 10^ 

over the d.c. resistivity based on Coulomb collisions alone. 

We next study the DEMO performance at various temperatures with the REB 

driver. We assume a > 1000, so by referring to Fig. 2-13 we expect <Pj> « 

2.5 I2RO. In addition, we take a conservative position that a may return to 

unity prematurely and increase <Pj> still further; as a consequence we adopt 

the ratio <P|j>/I§R E 5 for the power balance calculations which follow. The 

fusion power and I^R were computed over the range 6 keV < T < 18 keV, and 

the net power, from Eq. 2-1, is plotted in Fig. 2-14 for two different REB 

system efficiencies. The REB system, described in Appendix B, has several 

sources of uncertainty in estimates of its power efficiency, hRgg. In the 

best case all the electrons leaving the cathode are successfully trapped in 

the torus. On the Macrotor experiment, however, about 50% of the beam re

turned and hit the back of the diode. Another source of concern is the 

initial pitch angle spread of the REB in the plasma. If the perpendicular 

velocity moment of the REB distribution is negligible compared to c then the 
(25) 

two-stream mode is most strongly excited, while an isotropic phase space 

distribution will tend to reduce the mode amplitude and the magnitude of a. 

We thus display P for optimistic and pessimistic estimates of nppn. The 

quantity I 2 R is so small compared to the DEMO's fusion power that P̂ ^ is close 

to the plant's gross electric output, 0.36 x Pj, regardless of the REB effic

iency. We conclude from this power balance that the pulsed REB is indeed 

attractive for driving tokamak currents. 

2.2.3 Other Current Drive Methods With Particle Injection 

Here we consider tokamak currents driven by "automatic" means such as the 

bootstrap effect or the anisotropic loss of fusion alpha particles, as well as 

the intentional injection of momentum from ionized beams. 

The bootstrap current is a diaraagnetic response of the plasma to density 

and temperature gradients and is an artifact produced by the single particle 

guiding center excursions away from flux surfaces in a tokamak.^ -̂  The 
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Fig. 2-14. Gross and net electric power from DEMO with REB driver 
(Y(J = 4.0, <?'j = 4 MJ) and different driver efficiencies. 
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bootstrap current i.'as proposed for maintaining (;tp.'idy-st.iL';̂  oiicrauicn '-•'• tlit 

MARK-I tokamak reactor desifined by the Culham group, althcigh no cheoret i cal 

.inalysis of the plasm.i behavior was attempted in that study. l-i tlie neocl^i^s-

Ical theory this current flows along t!ie magnetic field, provided only that 

the proper, pea'.-.ê'. pressure profile is maintained. Thus, the raaintenan^n of t 

peaked .".onsicy profile, for example, must be accomplished against the plasma'.', 

tcndancy to flatten in density due to neoclassical particle diffusiion. In the 

steady stats t'.ii."; determines the rate that canonical angular momentum Must he 

supplied, e.g. via central fueling of the plasma, i.i order to create t'\r-

de.iired toroidal current. 

One drawback according to the bootstrap theory is the tendancy to gener

ate current density on.ly where the pressure gradient.^ are large, away from Lhe 
(2^ '9) 

rdagneCic ar-is. '' Thus, hollow current densitifs are most likely to occur 

in the absence o^ an additional central current source; on these grounds the 

bootstrap current by itself does not satisfy the DENO equilibrium require

ments. 

A more serious challenge to the credibility of this driver is the com

plete dependence on purely neoclassical effects, if, for example, turbtilence 

severely destroys flux surface uniformity on a scale the order of a thermal 

electron poloidal Lamor radius, = v m/eB , then neoclassical tlieory is no 

longer a correct description of the plasma's behavior. There is ample evi

dence, of course, that electrons do not behave neoclasslcally. In a thorough 

(̂ 9) 
analysis of the TSX-B experiment by Hogan there is seen to be no e"idence 

of the bootstrap current at all, despite the fact that p 2. \J^ . which 

theoretically should .allow measurable effects. 

Another natural source of toroidal current, requiring only particle fuel

ing, is the preferential loss of fusion alpha particles in a tokamak reactor, 

due to the asymmetry of co-streaming and counter-streaming neoclassical ion 

orbits, an effect first considered by McAlees. A convenient analytic 

expression for the toroidal current of alpha particles is provided by 

Kolesnichenko:^^'^ 

I = 10-ia ; fl - [v /v ]! -a^ / l ^ y ' " ^ \ „ , (2-32) 
a a| ^ c «'J A \ /A I / ^ 
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where SI units are assumed, except for currents, which are in MA. This cur

rent is proportional to the density of suprathermal alpha particles, defined 

"a ° n?)T<°f^>(^s/^) ' 
(2-33) 

where <OfV> is the fusion reactivity, and where we denote the alpha particle 

slowing down time as 

0.21 T3'2 

dn A X n„ x 10 20 
(2-34) 

At the center of the DEMO plasma example in Table 2-4, the density n is sub

stantial, n = 3.7 X lO'S m~3. Below a critical speed, v , Coulomb colli-
a "̂  

sions isotropize the alpha particle distribution in velocity space; it is only 

at higher speeds that an anisotropy occurs which yields the toroidal 

current. The critical velocity is determined by alpha slowing on electrons 

and is 

V = /2 r m /m 
c " e a 

1/3 
(2-35) 

For our example, the alpha current is proportional to [l - fv /v 1] =0.57. 
c a' 

In Eq. 2-32 there appears the factor \i = a^ + 7 a^/2; an approximation to the 

DEMO profiles, with â , = 0.3 and a^ = 1.2, yields u = 4.5, for which^^'^ 

0 = 3.55. Now, it is well known that alpha particle collisionless orbits 

become better confined as the product lA increases, and this is the downfall 

of this current drive option since the DEMO has such a large current and 

aspect ratio. We find, from Eq. 2-32, I^ = 94 H amperes, where H is a factor 

(= 0.5) accounting for the nonuniforralty of the current density profile. In 

addition, the electrons pushed by the alphas reduce the total current. By 

analogy with Eq. 2-2, since I^ flows parallel to I, 

1 = 1' 

eff 

1 - 1.46/? (1 + 
0.7 

'eff 

(2-36) 
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(29) 
current we must conclude that these proposals do not present reliable 

For an average e = 0.125 and Z„,:f = 1.4, we find I = 0.68 I ~- 32A. We con-
eir n 

elude, thus, that this natural alpha particle driven current is far too small 

to contribute to the steady-state current required for the DEMO. 

Suggestions related to the proposals above would establish seed currents, 

driven by neutral beams^ •̂  or by the natural alpha particle current,^ ' ^ 

which would be amplified by the bootstrap effect to establish the total 

toroidal current. Due to the experimental failure to observe the bootstrap 
(29) 

current we must conclude that these propos 

options upon which to design the DEMO reactor. 

C 33") 
In another recent suggestion Dawson and MacKenzie pointed out that 

heavy ion beams could, in principle, supply energy and momentum to a tokamak. 

As an example, singly charged sodium ions, Na , are relatively easy to produce 

(compared to negative ions, like D , considered in Sec. 2.2.1), and, since no 

beam neutralization is required prior to injection, there would be no need to 

develop highly efficient neutralization systems (such as the photodetachment 

system for a D beam). One difficulty with this scheme is charged-particle 

transport through the strong toroidal field, including the complicated fring

ing field in the vicinity of the blanket, shield, and TF coils. This problem 

is severely compounded by the requirement for inboard (high field side) injec

tion of the beam when Zu > Z jj, in order to drive currents. This follows 

from Eq. 2-2 where it is evident that counter-injection (j |( j] is necessary 

to produce toroidal currents in the proper direction whenever Z, >> Z jc with 

small values of E . Examination of collisionless orbits shows counter-injected 

ions are uncontained if launched on the outboard edge of a flux surface. 

Hence, the ions must be injected further inboard in order to assure additional 

ionization and capture instead of following a simple trajectory into the first 

wall. (Injection of He"*" can, of course, avoid this requirement, provided Z^jj 

» 2.)(3^) 

In order to assess the current drive efficiency of this method the same 

Monte Carlo simulation was done as described in Sec. 2.2.1 for neutral beam 

driven currents. Generally speaking, the results indicate that ion injection 

(13) 

may prove competitive with neutral beams for heating. However, ion injec

tion cannot be tangential to the toroidal field if centrally peaked power 

deposition is demanded, and, in consequence, it is not practical to Inject 

toroidal momentum with this driver. 
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We conclude this section with a discussion of a potential current driver 

which has many attractions, namely the pulsed Injection of Intense, charge-

neutralized ion beams. Intense ion beams have several attributes. In the 

first place, the last half decade has seen the rapid development of very high 

intensity ion sources, including the reflex triode and an improved device, the 

reflex tetrode.^ •'̂ '̂ ^̂  These tubes, which we shall term ion diodes, effec

tively prevent electrons from being accelerated across the high voltage elec

trode gaps and thus very efficiently deliver energy from the pulsed power 

supply to the ion beam. This use of pulsed, megavolt diodes produces very 

high currents and efficient beam acceleration compared to the sources and rf 

accelerators proposed in Sec. 2.2.1 for CW ion beams. In addition, since the 

high energy ions do not require neutralization, there is no need to develop 

the highly efficient (photodetachment) neutrallzers which plague neutral beam 

systems! 

How does this ion beam miraculously penetrate the strong toroidal field 

into the plasma interior? The answer lies in the fact that the Ions pull 

along electrons from the plasma In the vicinity of the anode so the propaga

ting beam is space-charge neutralized. Dozens of experiments have demon

strated that such a beam propagates unimpeded through magnetic fields due to 

(37) the ̂ x ^polarization drift^ ' established by charge separation in the beam 

along the direction normal to _B_. The best demonstration and analysis of this 

effect is by Robertson's group, who establish the requirement ai^^lil^ >> 

/m̂ /̂mg for beam penetration of the vacuum field. Ion diodes can readily sat

isfy this criterion, and experiments with plasma guns^ '̂  also confirm that 

the rotational transform of field lines in a plasma-filled torus do not short 

the _Ê  field or inhibit beam propagation. 

Manhelmer and Winsor*-*"'*'^ have suggested several mechanisms which could 

be employed to trap the intense ion beam for heating a tokam.ik and initiating 

the toroidal current. The most attractive mechanism, requiring no external 

field changes or density oscillations, would invoke beam induced ion acoustic 

turbulence which would yield an anomalous plasma resistivity, analogous to 

that encountered with REB injection (Sec. 2.2.2). The resulting large reverse 

emf would act to retard the forward momentum of the beam ions, settling them 

on contained orbits as circulating lone. We note that the success of intense 

ion beam current drive would then rely on nonlinear pla.sraa effecrs, .ar. does 
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the REB current drive proposal. However, it may be that ion beam penetration 

is superior to REB penetration since the ion orbits are less determined by 

collective effects, such as eddy currents in the first wall. 

We point out here that the proposal of Manhelmer and Winsor can be ex

tended to consider fully steady-state, pulsed current drive, quite similar to 

the REB system analyzed already. The electrons injected along with the beam 

will have energies negligible compared to that of the plasma target electrons, 

so they, in fact, can be assumed to be a part of the thermal distribution and 

to contribute to the plasma current, I , as governed by Eq. 2-7. (We note, 

however, an additional term should be added to Eqs. 2-6 and 2-7 to account for 

momentum transfer from the beam to the plasma electrons.) Thus, the work of 

Sec. 2.2.2 applies to ion beam injection as well as to the REB problem. (We 

note that the equations in Refs. 40 and 41 are similar to those presented 

here.) One obvious difference from the REB situation is the opposite direc

tion of beam injection, as depicted in Fig. 2-15. As evident from Eq. 2-27 

the beam current must exceed lo in order to achieve I > 0. This will be a 

demanding requirement for intense ion beams since the pulse length is quite 

(41) short; typically tf_ < 1 ps so beam stacking will not occur. However, 

beams at MeV energies have been produced at MA current levels,^ ' so we feel 

hopeful that 10 MA beams could be developed in the DEMO time frame. Since 

beam current densities are of the order 1 kA/cm2 we expect diodes with areas 

of one square meter will be required. (We note, though, that high current 

densities may incidentally inject a substantial fraction of nonhydrogen 

species in the beam,^ ' which may be undesirable. In addition, repetitive 

operation at about one Herz may be a difficult goal to achieve at high current 

densities.) 

An intense ion beam also differs from an REB in that the beam is not 

"stiff"; i.e., the ions are not relatlvistlc, so the driver current decreases 

in linear proportion with the decrease in driver momentum. Consequently, Eq. 

2-16 would not accurately model Ij(t). In addition, the momentum loss terms 

for the beam ions will be different from those of relatlvistlc electrons, and 

the resistivity anomaly, o, may be less than that associated with REB injec

tion. All these effects can be expected to produce quantitatively different 
2 

results than for the REB case. In any event, <P(j> will exceed loR, perhaps by 

a large factor. Detailed study of the intense pulsed ion driver must be 
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deferred at this point, but we conclude that it promises certain features 

which may recommend it as a serious contender for the DEMO current driver. 

2.3 Wave Drivers 

2.3.1 Wave Classification 

We adopt the wave driver classification introduced in Ref. 42, namely, 

indirect current drive methods (e.g. anisotropic heating) which do not 

directly transfer momentum from waves to electrons, and indirect momentum 

transfer techniques. The latter drivers are further divided into high speed 

and low speed waves, referring to the parallel wave phase velocity normalized 

to the electron thermal speed, (o/k||Vg. This is an important parameter since 

j/p in Eq. 2-3 displays qualitatively different behavior in the two limits for 

u/k V . 
II e 

2.3.2 Indirect Wave Driven Currents 

2.3.2.1 Minority Cyclotron Damping 

The first, indirect means of generating current with waves which we con

sider is minority heating via the fundamental cyclotron resonance. This 

method, proposed by Fisch, establishes a circulating ion beam, with Z^ ^ 

Zgf£, and this beam transfers momentum to electrons, the total current then 

resulting from ion and electron drifts. Physically the effect is the same as 

discussed in Sec. 2.2.1, but it is unnecessary to inject a beam or any 

significant amount of momentum. A traveling fast wave is simply launched into 

the plasma, and, provided it is strongly damped on one side of the minority 

cyclotron layer, only minority ions traveling in the preferred direction are 

heated. This anisotropic heating lowers the collision frequency of these 

preferred ions, allowing them to retain a greater momentum content than their 

counterparts streaming in the opposite direction. 

A distinct advantage of minority heating is the ability to closely con

trol the spatial damping profile. Experiments on tokamaks such as PLT^**'^^^ 

confirm the linear damping theory and suggest that this driver may reliably 

enable external control of the wave's spatial damping. Both the local wave 

power dissipation, p(r), and the normalized j/p depend on the quantity 

w E (u) - fii]/ki|Vj , which is the Doppler shifted parallel velocity of reso

nance normalized to the minority thermal speed. In his development of this 
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problem Fisch assumes straight field lines and takes the e = 0 limit of Eq. 2-

2, viz j = Ji(l - Zj/Zgff). Then he finds 

3fl - Z_,,/Z 

j/p » 
e« I' !ff , (2-37) 

1 + m /m I 1 + Y w^ ] 2 

where Y = 0.266/nTT^ f 1 + (mj/mj^)!"^ , and where the subscripts I and 1 

refer respectively to the minority and majority (DT) species. We performed 

ray tracing calculations for the DEMO in order to evaluate p(r) and then to 

estimate the total power required to generate lo = 9 MA. Both Be, a naturally 

occurring minority species, and ^He were considered, but we present only the 

3He results, which appear more attractive. We studied a plasma with T = 

T, = 19 keV, n„ = 1 X 1020 m"3 , n3„ = 4 x 10^8 m~3 ^ and Z jf = 1.2. 
^He ^ 

In order to provide ^He cyclotron resonance along the whole minor radius, 

from Rfl = 5.2 m out to the outboard edge at 6.5 ra, a tunable source, ~ 40-50 

MHz is needed. At these frequencies, a phased array of re-entrant wave

guides could provide an attractive launcher. Such a launcher, located at 

the outboard plasma midplane, would span approximately one meter vertically, 

effectively subtending a poloidal angle of ±0.24 radians. Such a localized 

source results in a broad poloidal mode spectrum, and we selected test rays 

with a variety of mode numbers, m = 0, ±1, ±2, and ±4. The toroidal mode 

spectrum is determined by the waveguide phasing as well as the number and 

toroidal dimensions of the waveguide sources; we followed rays with n = 2, 12, 

and 22. In the first series of calculations, with a wave frequency f = (I)/2TT = 

48.97 MHz, about 657, of the incident power is absorbed by ^He, all at a local

ized region in minor radius, 0 < r < 0.15 ra. However, a large portion of the 

power is dissipated by rays with w < 4. In the next set of runs, f = 45.47 

MHz and about 80% of the power is absorbed by ^He, all in the vicinity of 0.33 

m < r < 0.55 m. Again much the power is absorbed by ^He ions with w < 4. 

Now, j/p has a maximum for ^He of 13.7 when w = 6.7, as seen from Eq. 2-

37. From our calculations we have found considerable rf power is absorbed at 

w < 4, so we feel it is more appropriate to evaluate Eq. 2-37 at w = 4, for 

which we find j/p = 9.1. Reference to Fig. 2-5 shows this ^He minority 

current drive efficiency to be comparable with that for neutral beam driven 

currents when e = 0. 
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However, since ^3^^ > ^^ff> we see from Eq. 2-2 that the ^He current 

flows opposite to the net current and neoclassical effects (electron trapping) 

reduce the value of j and, hence, j/p. Fokker-Planck evaluations of j/p for 

non-zero E by Chiu, et al.^ ^ confirm this conclusion; in fact, their results 

indicate that near the plasma surface (E > O.I) reversed current density may 

occur. Thus, based on the relatively modest j/p values predicted and the 

unimpressive coupling to ^He (65% near the magnetic axis), we are not optimis

tic regarding the prospects of this driver for the DEMO. For comparison with 

neutral beam-driven currents we computed P versus T from the approximate 

relationship I/PJCRH = 0.079 (f^/lB keV) (0.84 x 1020 m'S/n^) (cf. Eq. 2-5). 

Our results, for two values of r\ , are shown in Fig. 2-16. The curves are 

dotted to indicate that neoclassical effects are not Included; their inclusion 

leads to even worse performance for 3He minority current drive. 

2.3.2.2 Alpha Particle Landau and Transit Time Damping 

A drawback of the ^He minority current drive method described in the 

previous section is the fact that ^He is relatively expensive; it is not a 

naturally occurring Isotope. Some will be consumed by D-^He fusion, and the 

remainder will require separation from the exhaust gas and reinjection with 

the fuel. Alpha particles, on the other hand, are copiously produced in the 

plasma and can serve as an ion beam current driver provided Z ^ Z ,^. This 

is difficult to imagine with anisotropic ion cyclotron (ICRH) heating of the 

alphas because the alpha and deuteron cyclotron resonances are spatially 

coincident, fj = f2 . It may be possible to preferentially heat the alphas, 

however, by selecting a wave which is principally damped via alpha particle 

Landau damping. 

This idea consists of using rf power to prohibit the alpha particles from 

slowing down Isotroplcally and in pushing the alpha particles in a prefer

ential direction to form the alpha particle beam. In a reactor, new alpha 

particles are born isotroplcally in velocity space and slow down via Coulomb 

interactions with the background plasma particles. In the absence of rf power 

the alpha particle distribution function remains isotropic during the slowing 

down, and there is no net current. In order to generate current, the alpha 

particle distribution function has to be made asymmetric. In the following, 

we consider the d.c. current driven by traveling fast waves. This wave seems 

particularly suitable for producing a beam when one notices that the phase 
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speed of such waves is of the order of the Alfven speed, which, in a reactor-

type plasma, is roughly the same as the speed of the alpha particles. 

The fast wave is an electromagnetic mode in which the electric field is 

primarily perpendicular to the d.c. magnetic field, and because of this prop

erty it can propagate in a plasma over a wide frequency range from below the 

ion cyclotron frequency Q. all the way up to the electron cyclotron frequency 

fj . One of the particular advantages of the fast wave is that, with appro

priate frequencies which depend on the magnetic field strength and plasma 

density, it can be a waveguide elgenmode in tokamaks and therefore the coupl

ing to external rf power sources can be very efficient. 

The fast wave elgenmode structures of a bounded plasma are calculated by 

solving the coupled wave equations 

V X [ V X E ) = — K : E , (2-38) 

c2 - -

with appropriate boundary conditions, where K is the plasma dielectric ten

sor. The geometry is assumed to be a metallic chamber with a rectangular 

cross section of width 2a and height 2b and a length L which lies along the z-

axis. 

For situations where the wave electric field Ej in the direction of the 

confining magnetic field is small, the perpendicular electric field Eĵ  and the 

associated eigen-wave number can be evaluated using the cold plasma dielectric 

tensor.' ' The solution for E. is obtained numerically from a computer code 

MOTHRA.^^'^ The wave magnetic field is calculated through the relation 

uB = -iV x E . 

Through an iterative scheme, the small parallel electric field E^ is then 

determined from the parallel wave magnetic field B^ by introducing some hot 

plasma effects. The details of the calculation are available in Ref. 49. It 

is convenient to plot the the parallel magnetic field Bj as a representation 

of the mode structure. 

For the parameters given in Table 2-1 and for profiles given by Eq. 2-4 

the fast wave with frequency lo > J2ĵ  can easily fit into the machine for 

n > IQlS ni~3. [We do not perform calculations for the case of ui « Q^, al

though the fast (compresslonal Alfven) wave can also propagate at these low 
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frequencies. In principle this low frequency wave can also drive current via 

the alpha Landau damping mechanism.) With a given frequency, the numerical 

solution of the coupled wave equations leads to a number of elgenmodes with 

discrete k values. A general trend of these elgenmode structures is that as 

k increases, not only the structures in the plane of the plasma cross section 

become simpler, but also the right-hand polarized electric field and the par

allel magnetic field become more concentrated near the central part of the 

plasma. Examples are shown for the case of a plasma with n^ = 1.23 x 1020 |„3 ̂  

f = 14 keV, and with u =• 1.25 a^^ and also u = 5 flpg, in a DT plasma; the 

subscript zero indicates evaluation at B = Bo• The lower frequency case, viz, 

ID «= 1.25 a^ , is more suited to ion heating through cyclotron damping as com

pared to that at the higher frequency, viz., ID = 5 fip^, which is more suited 

for current drive. The typical mode structure for ID = Rp^ is depicted in Fig. 

2-17, which shows the wave B^-field in the rectangular cross section, straight 

("cylindrical") plasma. Figure 2-18 depicts the contours of the wave B^-field 

for the case where ID = 5 SJQQ. 

The effect of toroidicity is siraulated in the MOTHRA code by including an 

inverse radial dependence of the magnetic field. Figure 2-19 shows the cor

responding result for (D ĉ  5 ^ Q Q . 

The rate of momentum input from the traveling wave to the alpha particles 

has been calculated in Ref. 50. The current density generated may be obtained 

as: 

= ^ V s • (2-35> 

where P is the momentum transfer rate and T is given by Eq. 2-34. The total 

current Including the electron "return" current is then given by Eq. 2-2 

"ith jjj E j^. The ratio of current generated to power dissipated by alpha 

Landau damping was estimated in the reference, and we merely give the results 

for the specific DEMO cases. 

Figures 2-20a and 2-20b show the d.c. current generated (in arbitrary 

units) due to a traveling wave whose mode structure is shown in Fig. 2-17; 

Fig. 2-20a displays the contours for constant current in the plasma cross 

section and Fig. 2-20b gives the current distribution profile along the 

2-58 



Fig. 2-17. The contour plot of constant parallel wave 
magnetic field |B|, |2 for ui z G . 
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Fig. 2-19. The contour plot of constant parallel wave 
magnetic field | B J 2 f^^ oi » 5 Q^, including 
radial dependencf of the magnetic field. 
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Fig. 2-20a. The d.c. current profile due to traveling wave 
corresponding to the mode shown in Fig. 2-17. 

Fig. 20-b. The d.c. current distribution profile along the midplane 
corresponding to the mode shown in Fig. 2-17. 
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midplane. The I/P ratio is about 0.3 A/W for the case where Z^^j = 1.4. The 

current density is centrally peaked, as required for the DEMO. The fatal flaw 

at this low frequency, ID « 1.25 SIQQ, however, is that over 99% of the rf power 

is consumed by deuteron and triton cyclotron damping, i.e. P^ < 0.01 P̂ .̂ . In 

effect the rf current drive efficiency is reduced to I/P^f < 0.003 A/W. 

Operation at higher frequencies reduces the cyclotron damping relative to 

the Landau damping. The alpha-driven current density contours for the case 

ID = 5 fin are shown in Fig. 2-21. In this particular case, corresponding to 

the mode structure in Fig. 2-18, the wave fields are not concentrated near the 

plasma center, so centrally peaked current density does not appear. We com

pute I/P^ - 0.15 A/W. 

For the case with the mode structure shown in Fig. 2-19 (which includes 

the effect of toroidicity), the current was calculated with a non-zero (con

stant) value of e in Eq. 2-2. The current profiles are shown in Figs. 2-22a 

and 2-22b, the I/P ratio being -0.6 A/W. However, we estimate the power 

absorption by alphas to be less than 25% of the rf power, the remaining 75% 

being absorbed by transit time electron damping. In consequence, the effec

tive current drive efficiency is I/P_f < 0.15 A/W. Moreover, this current 

flows opposite to that generated by direct momentum transfer to the electrons 

via the transit time pumping mechanism (see Sec. 2.3.3.2), so the net current 

may be smaller still. As with ^He minority driven currents, regions of 

reversed current density may occur. 

In conclusion, we have shown the feasibility of a current-drive scheme 

using rf damping on the alpha particles which are produced in a burning DT 

plasma. Traveling fast waves, generated as waveguide modes for the plasma, 

are found to be particularly suitable for implementing such a scheme. The 

current profiles obtained for such a scheme are found to have considerable 

spatial structure. The gross stability of the plasma to such current profiles 

needs to be studied. 

In addition, the wave power absorption by the alphas and the resulting j 

need more detailed analysis. In Ref. 50 the alpha particles were assumed to 

have a delta functr'.on distribution in velocity space, at their birth veloc

ity. A more accurate representation of their distribution function would be 

in terms of a solution of the Fokker-Planck equation, which shows the effect 

of slowing-down in velocity space, similar to calculations in Refs. 31 and 47. 
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Fig. 2-21. The d.c. current profile due to traveling wave 
corresponding to the mode shown in Fig. 2-18. 
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Fig. 2-22a. The d.c. current profile due to traveling wave 
corresponding to the mode shown in Fig. 2-19. 

Fig. 2-22b. The d.c. current distribution profile along the midplane 
corresponding to the mode shown in Fig. 2-19. 
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2.3.2.3 Electron Cyclotron Resonance Heating (ECRH) 

An alternative indirect current drive method to the ion heating proposed 

above is simply heating the electrons alone. This would be accomplished by 

ECRH, which is highly species selective. The efficiency of this method was 

first evaluated by Fisch and Boozer,^^^^ who pointed out that for most wave-

driven currents the magnitude of j/p derives mostly from heating and only to a 

minor degree from momentum input. Subsequent numerical work'^^'^^^ has sub

stantiated the earlier analysis, and experimental verification of this effect 

was achieved on the Culham Levitron.' •'̂  

For comparison with other current drives we have displayed in Fig. 2-23 

various calculations of fundamental harmonic ECRH j/p as a function of w = 

[ID - fiĝ '̂ '̂ ll̂ e "^'^ ^eff ~ '•''' compiled from Refs. 12 and 52. The solid curve 

shows j/p = w2 (we assume narrow wave spectra. Aw « w) , without electron 

toroidal trapping. The dashed curve treats the same case but utilizes a trun-

cated form of the electron distribution function^ ' which tends to 

overestimate j/p. The virtue of the latter treatment is that the calculation 

is readily extended to include neoclassical effects. For example, the dotted 

curve is the same calculation except e = 0.1; we see there is a modest 

reduction in j/p for DEMO-type aspect ratios, even at fairly large values of 

w. The curves in the figure were calculated in the linear regime (small wave 

electric fields) while the Isolated point with j/p = 37 corresponds to the 
(52) ^ " ' 

nonlinear limit,^ "̂  which shows that j/p may be doubled if the heating Is 
sufficiently intense. 

A number of factors conspire to make ECRH current drive unattractive for 

the DEMO reactor. In the first place, it is desirable to have the cyclotron 

waves damped at large w (̂  4-5) since it is only in this regime that j/p is 

substantial. In addition, the waves must be launched at a critical angle 

(with small tolerances) which assures damping on only one side of the cyclo-
(53) tron layer. Indeed, the Levitron experiment showed the tendancy to 

generate bi-directional current density. Additional ray tracing calculations 

and experimental effort are needed to assess the difficulty of achieving one

sided absorption at high w. 

The extraordinary mode is accessible to the plasma interior for the 

relatively low plasma densities we consider [(D (0) < 2fĴ ]̂ , but high power 

sources at 135 GHz are required. For CW operation at this high frequency, 
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optimistic estimates of gyrotron tube efficiencies are m- = 0.6; overmoded 

waveguide runs may have n^Q » 0.8; the highly regulated gyrotron power sup

plies may operate at Ppg » 0.7. Thus, the overall system efficiency would 

only be nggĵ jj =• 0.34. Thus, if minimizing the circulating electric power is 

of paramount concern, ECRH will not be as attractive as other current drive 

options. Moreover, individual gyrotron tubes may be limited to low power 

output. At present there is a 150 GHz source in the U.S.S.R. which generates 

22 kW CW (22% efficiency), and MIT is designing a 100-kW tube at 150 GHz. It 

appears likely that new concepts must be developed if a megawatt source is 

desired at these very high frequencies. The quasioptical klystrogyrotron is 

one such promising approach; a 1-MW tube at 150 GHz (< 26% efficiency) is 

being developed at the National Research Laboratory. It is evident, however, 

that both the poor projected system efficiencies and the short tube 

development time period assumed prior to the actual DEMO design will argue 

against selecting ECRH as the driver system. 

2.3.2.4 Other Indirect Wave-Driven Current Proposals 

A number of suggestions have been made to employ ECRH to increase the 

magnetic trapping/detrapplng frequency or change the relative populations of 

trapped and untrapped electrons. ~ We point out that a simple increase 

in the v. moment of electrons (e.g., those resonant with w = +1) without 

supplying parallel momentum does not change the v.. moment of the electron 

distribution, even though the untrapped electron population may be depleted. 

However, ECRH can increase the fraction of trapped electrons, which have large 

banana widths, increasing the neoclassical diffusion rate and theoretically 

enhancing the bootstrap current. These approaches to current drive face 

several difficulties. In the first place, the bootstrap effect produces an 

undesirable hollow current density. Secondly, electrons do not behave neo

classlcally in a tokamak, and, as disucssed in Ref. 29, there is experimental 

evidence that the bootstrap effect is much weaker than neoclassical theory 

predicts. Finally, ECRH current drive generally suffers from the tube devel

opment problem in that high power sources may be unavailable in the short time 

period assumed prior to the actual DEMO design. 

A novel approach to steady-state current generation, proposed by Dawson 

and Kaw,^ ' would utilize the high frequency synchrotron radiation naturall; 

emitted by the plasma. These Incoherent waves are emitted at frequencies 
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which are harmonics of a^, and, if they are anlsotropically reflected at the 

first wall, their radiation pressure can transfer their net momentum to the 

electrons on reabsorptlon, creating a toroidal current. This proposal effec

tively circumvents the need for a millimeter source development program for 

current drive in the DEMO, but it suffers from other problems. The current 

generated is a very strong function of the electron temperature: 

1.4 x 10-2 rx /m c2]2-5 ,2.75 ^1.5 0.75 /^T} „ ^"1 g-1-25 
e e s eff 

where a " 5 . Substitution of values for high temperature operation of DEMO 
s 

ff = 16 keV, n = 1.03 x 1020 m ' ^ ) , assuming an average wall reflectivity 

of r = 0.9, we find I = 38 kA/Z fj, which, of course, is far too small to be 

useful. Even using the peak values (T = 33.6 keV, n^^ = 1.34 x 1020 m 3) 

only yields I = 0.76 MA/Z^fj. Moreover, this strong T^ dependence in the 

formulation of I will lead to an extremely localized current density profile; 

the concentration of j(r) near the magnetic axis is not compatible with the 

broad profile needed for the DEMO high beta equilibrium. Also, we note the 

anisotropic reflectivity of the first wall will degrade due to pitting and 

erosion; frequent maintenance would loom as a serious detrimental feature of 

this method. 

2.3.3 Low Speed Waves 

2.3.3.1 Compresslonal Alfven Wave (CAW) Current Drive 

The use of low-phase speed traveling waves [u/k < v ) for current 
( 58 ) generation was originally proposed by Wort. Subsequently, numerical 

calculations by Fisch and Karney^ "̂  have supported Wort's idea. Similar 

Fokker-Planck calculations by Harvey^ ^ have clarified the role of electron-

electron collisions in determining j/p, and a study by Cordey has shown 

the reduction of j/p caused by trapped electrons in the w £ 1 regime. 

Figure 2-24 summarizes the results of several calculations of j/p; our 

discussion concentrates only on the region w < 1 in this subsection. Fisch 

and Karney pointed out that in the linear regime electron transit time mag

netic pumping (TTMP) can generate larger j/p than Landau damping (LD), 

provided w < 1. This arises from the tendancy of TTMP to interact with higher 

Vĵ  electrons, which are less collisional. The solid and dotted lines in the 

figure bear this out. In consequence, in a (cylindrical) plasma the 
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compresslonal Alfven wave (CAW), which has a very small Ej, is a more 

efficient current driver than the shear Alfven wave (SAW), which is 

principally Landau damped. If, however, the wave amplitudes are so large 

(vfl^/T)'^ » l) that the electron distribution is flattened at all v. values 

then j/p is reduced essentially to the Landau damping value, regardless of 

the wave type, as shown by the dashed line in the figure. For our calcula-
(59) 

tions with the CAW we use the following fit to the solid curve:^ 

j/p = 5 + 13 w"! . (2-40) 

We perform a simplified calculation of CAW current drive, assuming only 

the lowest order perpendicular elgenmode fits into the torus; the poloidal 

mode number is m = 0, the radial k̂ . = Ti/(Sa) , and the toroidal k̂  = N/Rg. 

For low frequencies [ID « Qy.) the approximate dispersion relation is ' 

(D/k|V^ = 2S-'^2[1 + (itRo/SNa]2]'^2 . 

By increasing N the phase speed decreases, which generates higher j/p. A 

practical upper limit might be N = 20, which, for T = T. « 20 keV, 

yields iD/k..v. = 7.8, f = (D/2IT = 5.3 MHz, and X.. = 2Ti/k. = 1,64 m. We see ID is 

sufficiently low that ion cyclotron damping is negligible, and iD/k.. is high 

enough to Ignore ion Landau damping. Having estimated ID and k.. from the 

global dispersion relation we proceed to evaluate w = o)/k..v from the radial 

profile of v (r), given by Eq. 2-4; for T = f. we obtain 

w(x) = 0.08(1 - x2)-0-55 ^ (2-41) 

where x = r/a. Assuming now that electron TTMP is the sole damping mecha

nism we utilize this expression for the radial CAW power density 

absorbed:^^^^ 

p(r) .X ng(r) Tg(r)w e""^/^ ^2 ^ 

where bj i s the wave's p a r a l l e l magnetic f i e l d . Taking b = constant , we 

rewrite th is as 

P(x) = p„(l - x2]0-85 . (2_42) 
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For high Q cavity modes we can ignore wall losses, so the total power invest

ment is the volume integral of Eq. 2-42, 

P = VpPo/1.85 . (2-43) 

The current density profile is gotten by multiplying Eq. 2-3 by Eq. 2-42 

and substituting Eq. 2-40 and Eq. 2-41: 

j(x) = 1.6 X 1018 p(,(T^/;^)(l - x2)l-^5j5 ^ j3^^(^j^ _ 

We display j(x) and w(x) in Fig. 2-25. The current profile is centrally 

peaked; however, if b^ is centrally peaked, then j(x) would have a narrower 

profile. Integrating j(x) over the plasma cross section, the total current, 

I, is obtained in terms of po. Then substitution of Eq. 2-43 yields 

ff /18 keVl A/W 
I/P = 1.03 y—-^ i- — . (2-44) 

(;ng/0.84 X 1020 m"3] 

Comparison with other drivers suggests the CAW yields quite favorable results 

in this limit which ignores neoclassical electron trapping. Figure 2-26 plots 

the net electric power production for the DEMO, assuming r\ = 0.71. It 

appears that only a small (= 10%) portion of the gross electric output would 

be circulated to sustain steady-state operation. 

However, this favorable result may be deceiving. Since the CAW is reso

nant with trapped electrons (w < 1), these momentum recipients are not free to 

circulate toroidally, so it is unclear how large a toroidal current can actu

ally be generated. Fokker-Planck calculations were done in Ref. 12 for Landau 

damping on trapped electrons. The result for e = 0.1 is included in Fig. 2-24 

as a chain-dashed line. The calculation was done in the Lorentz limit, which 

overestimates j/p, and it is apparent that j/p vanishes as w ->• 0. If this 

calculation accurately models toroidal effects then the CAW is not nearly as 

attractive as Fig. 2-26 suggests. Nevertheless, the input of canonical 

angular momentum to the trapped electrons forces their banana centers inwards, 

towards the magnetic axis, analogous to the Ware pinch. This effectively 

fuels the central plasma region, creating a density gradient. Fisch and 

(59) 
Karney then invoke the bootstrap effect to create toroidal current. As 

discussed in Sec. 2.2.3, electrons do not behave neoclasslcally in tokamaks. 
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Fig. 2-25. Current density profile for compresslonal 
Alfven wave (5.3 MHz, X,, = 1.6 m) . 
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so we are unable to reliably calculate toroidal currents based on these 

notions. Therefore, the P̂ ^ curve in Fig. 2-26 is left dashed as a reminder of 

our inability to quantify neoclassical effects. 

2.3.3.2 Low Speed Magnetosonic Wave (LSMS) Drive 

It is also possible to use the compresslonal (or "fast") wave at ID > n. 

to achieve electron TTMP with w _< 1. As discussed in Sec. 2.3.2.2 this wave 

can exist as a high 0 toroidal cavity mode with negligible ion damping, pro

vided ID Is at least four or five times Q^. Extensive experimentation by 

Fukuda • has verified that this mode can propagate and drive current in a 

torus, although his work has been limited to low f plasmas in which the wave 

damping is due to collisional dissipation, not TTMP. 

Our method uses the same calculation as described in Sec. 2.3.2.2, except 

we ignore alpha particle Landau damping and use j/p values taken from Fig. 

2-24 (with e = 0) to compute the current density. Our calculation is done for 

T = 14 keV, iî  = 1.24 x 1020 m'^ , and f = 184 MHz, such that ui/Sl^^ = 5.0. 

For a given frequency and k. the dispersion relation determines the perpen

dicular wave structure. Generally speaking, the shortest parallel wave

lengths yield the simplest perpendicular structure, and we search for the mode 

near cutoff which has centrally peaked wave energy density. We find there is 

only one mode with a centrally peaked current density, vAlch has N » 411, or 

X|| = 27TRO/N = 7.95 cm. The two dimensional j Is shown in Fig. 2-27. For 

this model 

0.19 fT /18 keVl A/W 
I/P = !̂ -£ , 

(Hg/0.84 X 1020 m"3) 

which appears competitive with the value obtained with other drivers. 

There are, however, serious problems with this wave. For one, it is 

difficult to design a traveling fast wave antenna with such a short X,, . A 

greater objection to this approach is that the very large mode density will 

make it impractical to couple to the unique mode which has a centrally peaked 

current density.^ ^' There are many elgenmodes with Xj « 8 cm, and our 

investigation showed that only one has a centrally peaked j. (Even in the 

collisional experiments the current density is hollow.)^^^^ We conclude this 

LSMS wave will not satisfy the DEMO criteria, even though hollow current pro

files may ultimately be acceptable for reactors.^'''^^ 
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Figl 2-27. Current density contours for fundamental 
radial elgenmode of LSMS (184 MHz, 
Xii = 7.95 cm), due to electron TTMP. 
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2.3.3.3 Shear Alfven Wave Drive 

In contrast to the fast ("magnetosonic") wave, which is an electromag

netic mode damped by TTMP, the electrostatic slow wave can generate cur

rent. This wave, which is termed the shear Alfven wave (SAW) when ID « a^ is 

known as the ion cyclotron wave when (D " fjĵ ; it does not propagate at higher 

frequencies. Hasegawa^ ^ has considered this wave for driving currents. We 

do not dwell on this candidate but will simply indicate two serious defects it 

suffers. First, if the wave is absorbed by Landau damping then we note from 

Fig. 2-24 that J/p will be very small when w < 1, since z ^ 0. Secondly, if 

the SAW is converted to a kinetic Alfven wave^ ' •̂  at a narrowly localized 

region in minor radius, then this may lead to highly local current density. 

The current drive prospects are not conclusive at present for the SAW, but the 

outlook is not promising. 

2.3.4 High Speed Waves 

2.3.4.1 Lower Hybrid Wave Drive 

The electrostatic, slow wave will propagate at sufficiently high 

frequencies such that ID > 2 iD.u, provided the accessibility criterion is 

satisfied.^ ' Here ID2 = '"ni f ' + •̂ ne'̂ ê l ' '̂"' ̂ ^^ wave is known as the 

lower hybrid (LH) wave. Extensive current drive calculations have been 

performed in Ref. 3 for this driver, and we summarize the relevant conclusions 

below. 

Typical LH wave frequencies are ~ 1-2 GHz, and the wave resonants 

naturally in the w > 1 region of phase space. Reference to Fig. 2-24 shows 

J/p = 1.4 w2. In the limit of very intense wave heating (iP^/Tf > l), the 

values are even higher,^ ' J/p = 1.7 w2. Moreover, as confirmed in Ref. 12, 

the reduction in J/p due to electron trapping is small slnc6 so few electrons 

are magnetically trapped in the region w » 1. The strategy for maximizing 

J/p thus is to use the highest phase speeds possible to increase w. The 

accessibility criterion, however, demands a lower limit to n.. = ck../ID in 

order to avoid reflection of the wave. It is precisely this constraint which 

forces a compromise between wave penetration into the plasma interior and the 

choice of low nj , high w waves for maximum J/p values. Consequently, it is 

difficult to achive high I/P values with the LH driver if centrally peaked 

current profiles are demanded for the DEMO. Moreover, It is difficult to 
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design antennas to launch waves with w « 1 since, at these frequencies, Xj is 

quite short; electrical breakdown limits X, to ~ 10 cm. 

Based on the difficulty of achieving centrally peaked current density the 

IH option can be ruled out for this DEMO study. We must keep in mind, though, 

that hollow current densities may ultimately be acceptable for commercial 

reactors. 

2.3.4.2 Ion Cyclotron Wave Drive 

In the range u < n̂ ^ the electrostatic slow wave, termed the ion cyclotron 

wave (ICW), propagates, and it is straightforward to achieve w > 1 with con

venient parallel wavelengths of a meter or more. Electrostatic couplers (see, 

e.g., Ref. 68) could be employed to launch waves from the inboard (high field) 

side, and the Landau damping process would determine j/p. Laboratory demon

stration of ICW current drive was achieved in the Model C.^ ' 

Preliminary calculations suggest I/P values from this driver are in the 

range of interest for the DEMO. Further studies need to be done to examine 

ray trajectories in a torus in order to determine if centrally peaked currents 

can be achieved. We have not fully assessed the ICW potential, but we note 

that the fast wave should yield larger j/p than this slow wave, since the 

former is damped by TTMP while the latter suffers only Landau damping (cf. 

Fig. 2-24). 

2.3.4.3 High Phase Speed Magnetosonic Wave (HSMS) Drive 

By selecting long parallel wavelengths, it is not possible to obtain the 

high 0 fast wave elgenmodes considered in Sec. 2.3.3.2. Instead, strong 

Landau damping will occur, and the w > 1 regime will dictate the current drive 

physics. This electromagnetic wave, which we refer to as the high speed mag

netosonic (HSMS) wave, has several features which recommend it for the DEMO 

over the slow waves (LH and ICW). First of all, the TTMP mechanism results in 

" " (59) 

larger theoretical j/p values than Landau damping, as shown in Fig. 

2-24. Also, the wave is not constrained to low densities by the accessibility 

condition, and the rays are not confined to localized resonance cones. In 

addition, considerable experience has been gained with HSMS experiments,^ ' 

including successful high power antenna operation. 

We calculate toroidal ray trajectories launched from an antenna of finite 

extent. Figure 2-28 shows the actual plasma cross section and, superimposed 
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Fig. 2-28. Geometry for ray tracing calculation (HSMS). 
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on this, the circular boundary we use in our model. The circular model 

employs concentric flux surfaces, centered at the true magnetic axis, R = 

5.47 m. The circular boundary radius, a = 1.59 m, is chosen so the volume 

27i2Rjjjg a2 equals the actual DEMO plasma volume. In the figure we see the 

location of the cyclotron resonances for the sundry plasma constituents, D, T, 

a, and Be (B = Bo = 4.81 T at R = RQ = 5.2 m) at a frequency f = 82.13 MHz. 

By locating an antenna as shown, subtending the angles 65 deg to 90 deg on the 

circular model boundary, it is possible to shine the waves vertically into the 

plasma, and ion cyclotron damping can be almost completely avoided. We aim to 

Identify a wave spectrum which is absorbed to a great degree in one pass. 

The design of the HSMS antenna is in App. C. Properly constructed, the 

antenna should define a fairly narrow spectrum of k = H/RQ , but the short 

poloidal extent of the antenna dictates a rather broad spectrum of poloidal 

mode numbers, m. In all our calculations we use test rays with m = 0, +4, and 

±15 to simulate the spectrum, and the rays are launched from the ends and 

center of the antenna (9 = 65, 77.5, and 90 deg); thus, fifteen rays (of equal 

amplitude) are followed for each case studied. We focus on current generation 

in two specific plasmas, one with T = 16 keV, n = 1.05 x 102 0 m ^ and one 

with T = 12 keV, ii = 1.50 x 1020 m~3. In both cases T, > T , and the alpha e e 1 ~ e ^ 

and Be densities are >= lO^^ m ^ . 

A series of N values (k ) were tried for each plasma; the choice of N 

determines the damping profile since Landau damping,is sensitive to w = 

a)/k V . Generally, large N, slow phase speed, waves are strongly absorbed on 

the plasma exterior. Decreasing N causes the wave to be absorbed near the 

higher temperature, central region. Further decreases in N place the phase 

speed well beyond the central v , which weakens the damping and requires 

reflections with multiple passes to absorb the wave energy. For both (f = 16 

keV and f =• 12 keV) plasmas studied we found N = 42 gives a broad absorption 

profile and results in 86-90% power absorption in one pass. 

Figure 2-29 shows the ray trajectories for f^ = 12 keV, calculated from 

the warm plasma fluid equations. The power dissipation for a typical ray 

(m - 0, e = 6 5 deg) is displayed in Fig. 2-30, which shows almost complete 

absorption before reflection takes place. Damping is calculated from Landau, 

fundamental, and harmonic cyclotron damping with quasilinear diffusion in 

isotropic velocity s p a c e , ^ ' and the electron distribution function is 
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Fig. 2-29. Sample ray t r a j e c t o r i e s . 
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Fig. 2-30. Typical ray's power vs. minor radius. 
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computed from the coupled quasllinear-Fokker-Planck equation. The spatial 

wave power deposition is shown in Fig. 2-31; the bottom curve is power 

deposited on the electrons, the remaining small Increments arising mostly from 

triton and Be damping where the rays cross the resonance at R = 6.2 m. The 

electron damping is in the linear regime [TP^/J)'^ « l), and the electron 

distribution is only mildly non-Maxwellian. Thus, «e can use the solid curve 

in Fig. 2-24 to compute j/p at different minor radii once the local k̂  

spectrum is known. The wave vector k̂  evolves along the ray path, the m = 0, 

9 = 65 deg example being shown in Fig. 2-32. By sampling the various rays in 

our spectrum the average w, prescribed in Ref. 59, is computed at each value 

of r. Over the bulk of the plasma we find w ranges from one to two, hence 

j/p » 17. With the use of Eq. 2-3 we construct the current density profile. 

The result for f = 16 keV is given by Fig. 2-33. The profile is centrally 

peaked but would need further optimization (larger N) to conform closely with 

the broad profile assumed for our high beta equilibrium. 

By numerically integrating the current and power densities we find the 

general result for HSMS current drive, 

0.11 ( T / 1 8 keV] A/W 
I/P = ^—e , (2-45) 

(Sg/0.84 X 1020 „-3] 

where the total power P includes the small amount (~ 3.3%) lost to direct ion 

heating. Using Eqs. 2-45 and 2-1 we compute the necessary wave power absorbed 

and the net electric power production for the DEMO plant; see Fig. 2-34. The 

antenna coupling and transmission losses have not been calculated, and the 

value ngjjjj = 0.7 used is only an estimate. We recall that the range 13 keV < 

Tg < 17 keV results in the desirable range of neutron wall loads for DEMO, 

and, from the graph, we would expect roughly the same P over this range. 

However, the capital cost for the rf driver at 13 keV is almost double that at 

17 keV (P^j = 180 MW vs. P̂ .̂  = 95 MW), so the higher temperature extreme would 

be more desirable. 

We conclude the HSMS discussion with an epitome of several points favor

ing its selection as the DEMO driver. A comparison of the HSMS approach with 

neutral beam drive (cf. Figs. 2-5 and 2-7) shows the HSMS to generally have 

slightly inferior J/p values and thus higher power requirements. However, MeV 

neutral beams may require extensive development in order to attain n as 
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Fig. 2-31. Wave radial power dissipation; bottom curve is power 
absorbed by electrons, remaining increments are to 
tritium and beryllium. 
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Fig. 2-32. Evolution of k,, along ray trajectory. 
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Fig. 2-33. Current density profile for HSMS at 
82 MHz and X„ » 0.8 m. 
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Fig. 2-34. Gross and net electric power for HSMS (82 MHz); 
capital cost of driver scales with the power 
absorbed in the plasma, P 

rf 
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high as the values achievable with present-day rf systems. Among wave driver 

schemes, the HSMS approach probably yields higher j/p (lower P̂ .̂ ) than other 

drivers which can supply centrally peaked current profiles. The only excep

tion would be the CAW, but we reiterate that neoclassical trapping may reduce 

j/p considerably from the values predicted in Ref. 59. Pulsed charged parti

cle beams, such as the REB, promise the highest j/p by far, but beam penetra

tion is an unsettled question for the REB. Hence, the HSMS driver with its 

promise of deep plasma penetration and acceptable power requirements, must be 

considered a probable backup option to the REB driver. 
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APPENDIX 2A 

REB CURRENT DRIVE IN COLLISIONAL LIMIT 

In situations for which the return current resistivity is not anomalous 

(o ; 1) we find that the terms due to the emf in Mosher's REB equations^^^^ 

(see Sec. 2.2.2) are small compared to the collisional terms. In this limit 

the relatlvistlc electron dynamics are governed by 

dY _ 

d t 

dU 

d t 

-v^Y 

( . 2 - 1 ) 1 / 2 

- V ^ Y U 

fv2 - 1 ) 3 / 2 

where the energy loss frequency, due to electron drag, is v = (l/2)[v /c) uo , 

and the momentum loss rate, due to electrons and ions, is •"(• = •"< + 2v = 

(Z. + 2)v . The other quantities are defined in Sec. 2.2.2. Mosher provides 

the following solutions to these equations: 

U/U. 

[/Y2 - 1 - cos^l (Y 1]] - [M - 1 

Y^^Yt /2Ve / , _ iYt/2Ve 
Y + 1 

Thus, the time required for the REB to dissipate all its energy, which is the 

period of reversed emf, is given by At = /Y? - 1 - cos ^(YJ ^ I N P *̂ ^^ 

note 

lim At = Y .V ^ 
NX, d e 

Yj»l 
(2A-1) 

As discussed in Sec. 2.2.2, the period of forward emf until I decays to 

its original value, IQ, is 

5t = (L/R) AI/I 0 (2A-2) 
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Provided Y i 2 , the current increase during the short period of diode 

operation, t^_ , is negligible, and M is gotten from Eq. 2-13 in the T « 1 

limit: 

-loAt ." dt- I^^U/U^^ 

&I = + I . 
L/R 0 L/I* 

Combining this with Eq. 2A-2 we find the total interpulse time is 

At + St - "" ' "' "—— 
do r dt' U(t 

0̂ I "do 

Thus, since the energy injected at each pulse i s S^ - I j o ' t r ^ ^ d ~ IJ "<̂  / ^ > 

the time averaged power requirement i s 'CPj> = " ^ / ( A ' + 6t) , and we find 

I ^ ^ /r^y-2 e " ^̂ ^ u ^ ^ _ ^̂ _̂̂ ^ 

Pd> (Yd - l]2^Rorag J Uj„ <P 

We note IO/<PJ> is independent of the beam energy <?.; Yj Is the only beam 

parameter which explictly enters the expression. Beam energy limitations only 

arise from the constraint (discussed in Sec. 2.2.2) that I. exceed lo. 

Examination of Eq. 2A-3 shows IO/<PJ> increases monotonically with YJ» hut we 

shall find there is an upper bound as YJ •*• *• . 

It remains to evaluate the integral in Eq. 2A-3. This can be performed 

numerically with the aid of Mosher's solution for U/U,, but it suffices here 

to recall that U/U. " 1 for 0 < t < At if YJ is large. We find 

Jl_ = ^^HJZ _^ ii (2A-4) 
<Pd> (''d - 1) 2„Rom^c 1 + g(Yd) ' 

where g =• 1 at YJ = 2 and decreases as YJ i nc reases . For YJ = ^ we have i t = 

2.55 Vgl and g = 0.70, and, for an average density n = 1.0 x 1020 m~3 we 

find Vg = 71 s " l . Thus, for the DEMO plasma of Table 2-5 , we find Io/<Pj> = 

0.127 A/W. Also, 
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lim Io/<Pd> = ^ . (2A-5) 
Yj-H" 2,iRgVgmgC 

For the DEMO example, 1Q/<?^> * 0.253 as Y , + "• These values of Io/<Pj> 

compare favorably with those obtained with wave driven currents. We notice 

Io/<Pj> « Vg', so current drive efficiency increases with lower density, a 

result shared by the other current drive schemes. 

Finally, we compute the normalized quantity j/p with the relationship 

j/p = 2iiRo(lo/<P(j>) . Then we find in the interesting y^ * °° limit that 

lim j/p = 2[c/v )2 . 

Y d ^ 

This is identical with the result found by Fisch for steady state (CW) 

relatlvistlc currents driven, for example, by ECRH.^ ^ Thus, for T ~ 20 keV 

we would get the upper limit of j/p = 50, which, of course, is competitive 

with values obtained for other drivers. We conclude with the observation that 

j/p can be much larger than 50 if the plasma resistivity increases due to REB 

injection, as discussed in the text. Thus, the pulsed REB appears at least as 

attractive as other drivers, and it may prove vastly superior. 

2 A-3 



APPENDIX 2B 

PRELIMINARY DESIGN OF AN REB STARTUP AND CURRENT DRIVE SYSTEM FOR DEMO 

2B.1 Introduction 

The function of the relatlvistlc electron beam system is to: (1) startup 

and maintain the toroidal current during steady state operation; and (2) heat 

the plasma to ignition during startup. 

This appendix describes the electron beam apparatus Including the genera

tors, transmission lines, and diodes that generate the beam. 

Because of the size of the pulsed power equipment and the need for peri

odic maintenance, the pulsed power generators that produce the high power 

electrical pulse are housed outside the reactor containment building. A 

transmission line transports the energy from the pulse generator to the diode 

within the tokamak first wall. 

2B.1.1 Rationale for Selection of Beam System Parameters 

Physical and technological constraints must be considered in choosing 

desirable beam parameters. Scaling of the average REB power, P , to the I2R 

plasma dissipation for steady state operation of DEMO is shown in Sec. 2.2. 

As kinetic energy of the beam is increased, injected beam energy per pulse 

increases and the pulse repetition rate decreases. 

For the most efficient current drive where P /I2R is a minimum for a 

given beam kinetic energy, the injected charge QT«JJ = l-B̂ TNT d^j^cted current 

times the injection time) remains approximately constant. For DEMO this is on 

the order of 1 to 3 C per pulse. Thus, a 1 ps injection time requires a 1 to 

3-MA injected beam, while a 100 ps injection time gives a 10 to 30 kA injected 

beam. 

In the diode design section in this appendix, it is demonstrated that 

injected electron current density depends primarily on the plasma parameters 

and is only a weak function of beam kinetic energy. Injected electron beam 

current density for the DEMO plasma parameters in the shadow of the limiter is 

Jg =• 13 X lO"* A/m2. The cathode area for a 1 ps injection time is 8 to 19 m^ 

while a 100 ys injection time requires- a much smaller cathode area of 0.08 to 

0.19 m2. 
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Since the cathode is within the first wall at the edge of the plasma, it 

is desirable to minimize the cathode area. This arrangement reduces the cool

ing requirement for the diode structure, lowers the level of impurities caused 

by plasma impinging on the diode, and reduces the probability of a portion of 

the Injected beam striking the diode structure. Thus, longer injection times 

which require smaller diode structures are preferable. 

Pulse duration selection is also important for the pulsed power system. 

In the range of a few 100 ns to 1 ps, both the lumped component pulse-forming 

network (PFN) and the distributed component pulse-forming line (PFL) systems 

must be considered (see Fig. 2B-1). For pulse durations less than 0.5 ps, the 

pulse-forming line approach is probably preferable despite the fact that PFLs 

require that energy be stored twice—once in the Marx generator and again in 

the liquid pulse-forming line. The PFL output switch must pass all energy in 

the system at high voltage. 

PFNs obviate the second pulse charged energy store and have no output 

switch because the Marx is an element of the network. Each Marx does have a 

switch that must pass large currents at high voltages. The PFN approach is 

appropriate in the range of 1 ps to a few 100 ps. The PFN approach becomes 

more difficult as the pulse duration is shortened. 

For pulse durations greater than 50 ps a new type of rotating machine, 

(72) the compulsator , which is explained in more detail later in this appendix, 

becomes a viable alternative. Since the compulsator is a low voltage, high 

current source, it is generally used with a pulse transformer to increase 

voltage. The compulsator/transformer system is inherently a repetitive, 

pulsed power system. 

The compulsator/transformer system is small and straightforward compared 

to the PFL and PFN systems. The PFL and PFN systems must store several mega-

joules in a Marx while the compulsator/transformer system will store at most 

4% of the energy in a capacitor bank. Switches for the compulsator/ 

transformer system are simpler and closer to present technology, and output 

efficiency is comparable to that of the PFL and PFN systems. Since the 

compulsator/transformer pulsed power system offers several engineering and 

technological advantages over the PFL and PFN systems, longer pulse durations 

that can utilize the compulsator/transformer are preferable. 
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PULSE FORMING LINE SYSTEM 

^ l — ( T y ^ ^ y^ 

MARX GENERATOR 

Pulse- Output Output Vacuum 
forming switch line diodes 
line 

PULSE-FORMING NETWORK SYSTEM 

PARALLEL MARX 
GENERATOR 

Vacuum 
diodes 

Fig. 2B-1, Basic elements of two pulsed power systems. 
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As the kinetic energy of the injected beam (or equivalently the voltage 

of the pulsed power system) increases, the efficiency of the current drive 

increases, but larger amounts of energy per pulse must be injected. The 

increase in current drive efficiency does not offset the increased difficulty 

for the pulsed power system in providing the larger energies per pulse. 

Smaller kinetic energies for the beam translate into reduced transmission 

line dimensions. Since the transmission line dimensions determine the 

blanket, shield, and first wall penetration area for the beam line, smaller 

beam kinetic energies are preferable to reduce neutron streaming. 

The ability of the beam to cross magnetic flux surfaces in the tokamak is 

a function of Injected beam kinetic energy. If injected beam kinetic energy 

is small the beam will remain on the injected flux surface and eventually be 

re-incident on the diode structure. Thus, beam Injection and trapping con

siderations provide a lower limit on the kinetic energy of the injected beam. 

2B.1.2 Summary of Beam System for DEMO 

The kinetic energy of the injected beam was established at 1.533 MeV, 

corresponding to a relatlvistlc factor, Y> of Y = '•• This kinetic energy is a 

compromise between lower voltages where beam injection and trapping are pre

dicted to be inefficient, and higher voltages where the first wall penetra

tions are large. 

Minimum beam power for a Y - ^ beam occurs when the total injected beam 

energy per pulse. Eg, is 2 MJ (for an infinitely enhanced collision fre

quency). Since this value will not be achieved in a real reactor, a value of 

Eg = 4 MJ was used in the design. Estimates of the enhanced collision fre

quency suggest that this is conservative. 

A beam pulse duration of 100 ps was chosen for the DEMO design study. 

This longer beam duration reduces the cross-sectional area of the diode struc

ture and facilitates use of rotating machinery for the pulsed power systems. 

To allow for periodic maintenance of the pulsed power equipment and to 

provide for redundancy, the beam system is composed of two identical beam 

lines (cathode, transmission line, and pulsed power generator). 

Two cathodes are at the edge of the plasma in the shadow of the limi

ter. Each provides an electron current of 13,046 A for 100 ps. Each cathode, 

which does not have to be circular, measures 1,035 cm2. 
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A transmission line transports energy from the pulsed power generator to 

the diode within the tokamak first wall. From the generator to the outside of 

toroidal field coils, the transmission line is a coaxial oil-insulated trans

mission line. An oil-insulated transmission line avoids the radiation shield

ing necessary to protect against an accidental shorting of a high voltage 

vacuum transmission line which can produce significant quantities of brems-

strahlung radiation. The outer conductor of the transmission line remains at 

ground and the inner conductor is pulsed negative. 

From outside the toroidal field coils to the diode, the transmission line 

is a vacuum transmission line, which penetrates the blanket, shield, and first 

wall in a radial direction. The wall penetration area is 0.2 m2. Once Inside 

the first wall the transmission line turns until it is parallel with the 

toroidal magnetic field. The vacuum transmission line also is convoluted from 

circular to rectangular after it penetrates the first wall. Two ceramic insu

lators serve as the vacuum/oil interface. Two insulators are used for safety 

and to take up the bending stresses of the cantilevered inner portion of the 

vacuum transmission line. 

From Sec. 2.2, the ratio of the average beam power, Pg^, to the l2 plasma 

dissipation for Y - ^.0 and Eg = 4.0 MJ is 2.31, yielding an average beam 

power of P = 1.33 MW for a plasma electron temperature of T = 14 keV. The 

interpulse period is 3 s, or the repetition rate is 0.33 Hz. To be conserva

tive (by a factor of two) the pulsed power system is designed for P = 

2.67 MW and an interpulse period of 1.5 s (0.67 Hz). 

The compulsator/transformer pulsed power system has been chosen for the 

design. Each beara line has six compulsators in parallel driving one trans-
* 

former. This is the "parallel compulsator/series output approach." Each 

compulsator is driven by an electrical motor that must provide 605 HP for 

normal steady-state operation. This value Includes the inefficiencies in the 

compulsator, transformer, transmission line, and diode. 

During startup the beam system must heat the plasma to Ignition while 

simultaneously Increasing the toroidal current to the steady state value. 

Average beam power level required for this is 60 to 100 MW for 6 rain. During 

*See Sec. 2B.4.4 for a detailed explanation of the circuit. 
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this high power operation additional power sources will have to be coupled to 

the compulsator. An accumulator could, in principle, provide the additional 

power required during startup. The capital costs are relatively small for the 

power output. 

Overall efficiency (power delivered to the plasma divided by power from 

external electrical source) of the beam system is expected to be 48%. The 

beam system thus requires 5.6 MW to maintain the current. This includes a 

safety factor of two in determining average required power. Capital cost of 

the beam system without the startup option is estimated to be $4.5 M, and with 

the startup option $9.6 M. 

2B.2 Diode Design 

The DEMO diode is a plasma diode. The cathode can be made from almost 

any conducting material including graphite, and the plasma serves as the 

anode. 

Ion current density, J., drawn from a plasma diode neglecting relati-

(73) vistic and edge effects, is given by the Langmuir^ ' expression for bipolar 

flow 

1.86 (4e(,/9)(2eZ/M )l/2 v'^''^ 
J. = , (2B-1) 

x2 « 

where 

e = permittivity constant, 

e = electronic charge, 

Z = average ion charge, 

M. = average ion mass, 

V = diode voltage, and 

X = effective anode and cathode spacing. 

The electron current density, Jg, is then 

1/2 
"i 

J J 
1 
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where m is the rest mass of an electron. 

Initially, when a negative voltage is applied to the cathode, electrons 

are expelled from the cathode region and ions are drawn to the cathode. If 
(74) the diode draws enough current the diode gap will open with a velocity 

dx ^ "̂ 1 , (2B-2) 
dt Z n e 

where n. is the ion number density. 

As the diode spacing opens up, the ion current density decreases as l/x2 

(Eq. 2B-1) for a constant voltage source. As long as dx/dt given by Eq. 2B-2 

is greater than the ion-acoustic velocity, diode spacing continues to open up 

with the velocity given by Eq. 2B-2. When Jj/(Z n.e) falls below the ion-

acoustic velocity, a rarefaction wave is sent into the plasma and plasma ions 

flow into the gap.^^^'^^^ 

A Langmuir-type sheath develops in which the rarefaction wave causes ions 

to be accelerated and flow into the sheath. The ions flow into the sheath 

with a velocity given by the ion-acoustic velocity, v. , and density at the 

edge of the sheath of 0.368 n.(o) where n.(o) is the background ion plasma 

density in the undisturbed plasma. 

The cathode-anode spacing increases at a rate given by 

IT = ~ - - 0.368 V dt Z n e la 

until the impedance of the diode increases enough to drop J. to 

J, = 0.368 e Z n,(o) v, . (2B-3) 
1 1 ia 

If the driving source has a constant voltage, the spacing will remain constant 

and steady state operation, in which V, Ĵ ,̂ J^, and x are constant, is 

obtained. 

We have numerically solved the transient sheath opening for a voltage 

source with the following characteristics: 10-ps linear rise to 1.533 MV, 

100 ps at 1.533 MV, and a 10-ps linear fall to 0 voltage. Plasma parameters 

were taken from the DEMO parameters and a 10-m, 61-12 vacuum transmission line 

was assumed to connect the voltage source with the diode. The parameters are 
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characteristic of the beam system being designed. The calculation determined 

that the sheath opens up to its steady state value during the risetlrae of the 

voltage source and then the diode has a constant impedance such that the ion 

current density is given by Eq. 2B-3. 

The equations have been derived using the non-relativistic formulas. To 

first order, the correction for relatlvistlc effects is 

M. 
1 

Z m 

1/2 
2.72 X 10-

J. 
1 

eV + 1 - 0.8471 

2.33 X 10 ^ V^/2 

where c is the speed of light. 

Since the effective anode-cathode spacing opens to its steady-state value 

on a time scale which is short compared to the full pulse length, the 

procedure for determining the diode area is as follows: 

(1) Determine the Y and total beam energy. Eg, requirements for current 

drive. 

(2) Determine the pulse length, ig, and number of diodes N^ from pulse 

power and reactor considerations. 

(3) Calculate the electron current/diode, I^, which is required. 

^ NpTg(mgC2/e)(Y - 1) 

(4) Using the plasma parameters at the diode position, calculate the 

steady state ion current density 

J^ = 0.368 Z n^(o)v ^^ . 

(5) Calculate the corresponding electr current 

J = J. , „ 
e 1 \ Z m 

1/2 
2.72 X 10- eV + 1 - 0.8471 

2.33 X 10"6 V 
3/2 

(6) The cathode area is then 

2A-11 



A = I /J . 
e e 

Applying this to the beam system for DEMO with Y = 4.0, Eg = 4 MJ, Np = 2 

gives I = 13,046 A/diode. Using the plasma parameters at the edge of the 

plasma in the shadow of the limiter (T^ = T^ = 340 eV, Z n^(o) = ng(o) = 2 x 

10 m~ ) the ion and electron current densities are J. = 0.27 A/cm2 and J = 
2 

12.6A/cm2, respectively. Each cathode then has an area of A = 1,035 cm . The 

average energy flux on the cathode from the backstreaming ions is 0.27 MW/m2 

Peak flux occurs during beam injection and is 4,050 MW/m2. The diode struc

ture also has a thermal flux incident due to the burning plasma. 

Data on long-life field emission cathodes are minimal, especially for a 

plasma diode. However, active programs are investigating both the uniformity 

and the lifetime of surfaces such as blades, carbon felt, plasma surface 

flashover, etched metals, and other cathode materials. Programs in the DOD 

laser community are now investigating erosion rates, debris, and other 

engineering problems for field emission cathodes at repetition rates up to 

100 pps. Data will be available in a timescale short compared to that of the 

DEMO facility we address. It is probable that reliable field emission cathode 

materials will be found with lifetimes in excess of 10 shots; these materials 

might be appropriate for the DEMO requirements. Other diode alternatives 

exist. One of these is the use of thermionic cathodes. The current densities 

required (- 13 A/cm2 have'been achieved experimentally. However, thermionic 

cathodes are very sensitive to poisoning by ion bombardment. 

2B.3 Transmission Line 

A transmission line transports the energy from the pulsed power generator 

to the diode within the tokamak first wall. From the generator to the outside 

of the toroidal field coils the transmission line is a coaxial oil-insulated 

transmission line with an outer radius of the inner conductor of r, = 14.7 cm 

and an inner radius of the outer conductor of r = 4 0 cm. The length of this 

portion of the line is expected to be between 10 and 15 ra. 

Two ceramic insulators at the outer edge of the toroidal field coils 

provide the vacuum/oil interface for the transition from an oil- to vacuum-

insulated transmission line. The radius of the inner conductor is r. = 

36.8 cm and the radius of the outer conductor is r = 1 m at the insulator. 
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From the insulators to the diode the transmission line is a vacuum 

transmission line with a cantilevered inner conductor. The radius of the 

inner conductor is rj = 9 cm and the outer conductor radius is r = 2 5 cm. 
J. 0 

The length of the vacuum transmission line is approximately 4.5 m. 

The vacuum transmission line penetrates the blanket, shield, and first 

wall in a radial direction. The cross-sectional area of the wall penetration 

is 0.2 m2, Once inside the first wall the transmission line turns until it 

parallels the toroidal magnetic field. The vacuum transmission line is also 

convoluted from circular to rectangular after it is inside the first wall. 

A sketch of the transmission line and insulators is shown in Fig. 2-3. 

The convoluted section of the transmission line is sketched in Fig. 2B-2. 

This section discusses energy losses in the transmission line and the 

electrical and structural design of the line. 

2B.3.1 Energy Losses 

When a transmission line carries current there is an inflow of energy 

into the solid conductor. The energy appears in two different forms 

(1) Magnetic field energy density (B2/2p), where B is the magnetic field 

and p is the permeability. 

(2) The standard joule heating (j2/a), where J is the current density 

and a is the conductivity. 

For the beam pulse lengths of interest, the magnetic skin depth is small or 

comparable to the thickness of the metal, and magnetic diffusion must be 

included in the estimates of the energy lost in the transmission line. We 

first obtain the magnetic diffusion equation in cylindrical coordinates and 

then show that for most cases of interest a one-dimensional rectangular 

coordinate approximation is valid. 

Cylindrical geometry in which the current flows in the z direction is 

assumed. Since the frequency is on the order of 10"* Hz, the displacement 

currents are neglected. All fields are assumed to be z and 9 independent and 

the radial component of the magnetic field intensity H^ E 0. Ampere's and 

Faraday's Laws then reduce to 
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PLASMA 

CATHODE 

BT 

Fig. 2B-2. Sketch of vacuum transmission line. The vacuum 
transmission line penetrates the blanket, shield, 
and first wall in a radial direction. Once inside 
the first wall, the transmission line turns until 
it is parallel with the toroidal magnetic field. 
The transmission line is also convoluted from 
circular to rectangular after it is inside the 
first wall. The diode structure is tangential to 
the plasma. 
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r ar 

•̂ e 

h 
(2B-4) 

3r 3t 

3E^ _ I 

r 3r 3t 

where E is the electric field strength. For the case under consideration, 

Je = «z = o-o-

Using the relations E = J /a and B = p H and combining, the magnetic 

diffusion equation is obtained 

i_ 1 i l!a = ap ^ 
3r r 3r 3t 

or 

3r2 r 3r r2 3t 
% 

The current in the transmission line and thus Bg at the surface of the con

ductor is assumed to be a specified function of time. Equation 2B-5 can then 

be solved for the magnetic diffusion in the metal. 

The total energy per unit surface area which flows into the conductor is 

obtained from the Poynting vector at the surface 

W 
T 

I. 

j E X H dt W/m2 

Usin Eq. 2B-4, 

z ap r 3r 

and Hg = B„/p, the energy per uni t area i s 
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3rB„ 

0 r 3t r=b r=b 
dt , 

where b is the radius of the transmission line. 

The full solution of Eq. 2B-5 is given by an infinite series of Bessel 

functions. A simplified answer can be obtained by dimensionally examining the 

left hand side (LHS) of Eq. 2B-5: 

B„ 
LHS 

SD 

1 + 
SD _ SD 

b b2 

where r<.„ is the skin depth r<,_ = 2/T/OP and T is the beara duration. Thus, if 

r<.r̂  << b, a one-dimensional planar approximation is valid. For the DEMO beam 

system the error will be < 15% if the planar approximation is used rather than 

the full cylindrical diffusion problem. 

The coordinate system for the planar problem is shown in Fig. 2B-3. The 

magnetic diffusion equation is 

a2B 3B 

p a (2B-6) 
3x2 3t 

and the energy per unit area which has flowed into the conductor is 

-t 3B 

p a 2 -'o 3 X x=0 

dt' 

x=0 

The magnetic field at the surface of the conductor is B (o,t) = -B during the 

beam pulse o < t < x and zero after [B (o,t) = o, t > T ) . 

The solution of Eq. 2B-6 with the above boundary conditions is 

By (x,t) Bn erfc 2/kt 0 <t <T 

By (x,t) = - Bo erfc 2/kt + Bj erfc 2/k(t - x) 

t > X 

where erfc s is the complimentary error functi 
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Fig. 2B 
-3. Coordinate system for planer magnetic 

diffusion problem. 
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erfc s = 1 - 2/ii j e ^ dC 

0 

and k = 1/op. The energy per unit area dissipated in the conductor is then 

y J i-

where Bo is the magnetic field at the surface and x is the beam injection 

time. If the conductor is a circular cylinder or bar with constant radius 

then the total energy dissipated in the conductor is 

l2|l I—-j-

TT -̂  ^ b 

where I is the current carried by the conductor, I the length, and b the 

radius of the conductor. 

A worst-case example for the DEMO beam system transmission lines assumes 

that the radius of the inner coaxial conductor is 9 cm for the full length of 

the transmission line it » 10 M) and the line is made of stainless steel 

(AISI 304) with an electrical conductivity of o = 1.4 x 10^ mho/m. A current 

of 13.3 kA is carried by the line for 100 ps. The total energy dissipated in 

the inner conductor is 67 J and 24 J is dissipated in an outer conductor which 

has a radius of 25 cm. Since the line transmits 2 MJ of energy, the 91 J of 

energy which is dissipated in the conductors of the coaxial transmission line 

is insignificant. 

This analysis assumes that there is no particle flow from the inner to 

the outer conductor of the transmission line. If particle flow does occur, 

the energy dissipated may significantly increase. 

2B.3.2 Electrical Design 

The oil-insulated coaxial transmission line has an outer radius of the 

inner conductor of r̂^ = 14.7 cm and an inner radius of the outer conductor of 

r^ = 40 cm. The maximum electric field occurs at the surface of the inner 

conductor and is 104 kV/cm for the design voltage of 1.533 MV on the trans

mission line. This electric field is below the federal specification (118 

kV/cm) for the dielectric strength of Insulating oils. Physics International 

has conducted insulating oil breakdown studies for pulse lengths as long as 
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60 ps and areas as large as 3600 cm2 and found that the observed breakdown 

strength was greater than 130 kV/cm for the cases investigated. 

Two ceramic insulators provide the vacuum/oil interface for the transi

tion from an oil- to vacuum-insulated transmission line. At the insulator the 

radius of the inner conductor is r. = 36.8 cm and the radius of the outer con

ductor is r^ = 1 m. The maximum electric field at the surface of the insula

tor is 42 kV/cm when no special attempts are made to uniformly grade the 

field. 

Present-day high power generators can operate with insulators which have 

a peak electric field as large as 100 kV/cm. The pulse length of these gener

ators is generally on the order of 100 ns. As the pulse length increases the 

peak electric field which the insulator can withstand decreases. Data on 

insulator breakdown strength for long pulse lengths and repetitive pulses are 

minimal. The 215WR generator, built by Physics International, has operated 

for over 10 shots at a rate of 1 pps with electric fields comparable to or 

larger than the design fields for the DEMO transmission lines. However, pulse 

length and total output energy are much less than the beam system for DEMO. 

Shaping of the inner and outer conductors near the insulator can reduce 

the peak electric field near the inner conductor. Peak electric fields as low 

as 30 kV/cm could be obtained with the proper shaping of the inner and outer 

conductor. . 

The vacuum-insulated coaxial transmission line has an inner radius of 

r. = 9 cm and an outer radius r = 25 cm. The maximum electric field at the 1 o 

surface of the inner conductor is 167 kV/cm for the design voltage of 1.533 

MV. In short pulse experiments on field emission cathodes and magnetically 

insulated transmission lines, the electric field required for emission from 

the negative electrode is 250 to 300 kV/cm. We expect the electric field 

required for emission to decrease as the pulse length increases. 

There was no attempt in these experiments to maintain a clean surface, 

and, in fact, the surfaces were most likely contaminated with pump oil. The 

Soviets have used a glow discharge to clean the surfaces and found that much 

larger electric fields could be maintained in a vacuum without field emission. 

The assumption that the vacuum transmission line can withstand electric 

fields of 167 kV/cm is an optimistic design value. This value may be appro

priate if the proper surface preparation is used. 
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2B.3.3 Structural Design 

The structural design of the oil-insulated transmission line is straight

forward. The inner coaxial line is suspended from the outer coaxial line by 

an insulator (see Fig. 2B-4). This technique is in common use in the industry 

and represents no extension of present engineering practice. However, once 

again we find that Insulator design criteria are not well established for the 

case of long pulse lengths (> 60 ps) and repetitive pulses. 

The most difficult structural problem occurs in the vacuum transmission 

line at the root of the cantilevered inner coaxial line. Since the inner line 

carries a current and crosses toroidal magnetic field it experiences an 

id X B) force during the beam pulse. Since the vacuum transmission line 

penetrates the blanket, shield, and first wall in a radial direction, the cur

rent, I, carried by the line is perpendicular to the toroidal magnetic field. 

For a current (I = 13.3 kA ), toroidal magnetic field (B.j. = 5 T), and length 

of transmission line (i = 4.5 m), which are characteristic of DEMO beam line 

parameters, the total force is F = 3 x 10^ N upward, or approximately 34 tons. 

There is an equal but opposite force on the outer conductor. Since the 

outer coaxial conductor can be easily supported over its length, the outer 

conductor is not a problem mechanically. 

The total force of 3 x 10^ N (or equivalently, a uniform load of 6.66 x 

lO"* N/m) would produce large stresses and deflections if the force were 

applied statically. However, the load is applied impulsively (6.66 x 10"* N/m 

for 100 ps) and the maximum stresses and displacements are not given by the 

standard formulas for the static case. We now obtain an estimate of the maxi

mum stresses and displacements for the impulsive load which is applied to a 

solid 9-cm-radius, 4.5-m-long inner conductor made of stainless steel. 

The impulse given to the inner conductor is 

Imp = Fx = 30 N-s 

where the current, toroidal magnetic field, length of transmission line, and 

pulse length are I = 13.3 kA, B.̂. = 5 T, « = 4.5 m, and x = 100 ps, respectively. 

This includes both electron and ion current. 
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-INSULATOR 

Fig . 2B-4. Suspension of the inner co - ax i a l l i n e 
in the o i l - i n s u l a t e d t r ansmiss ion l i n e . 

2A-21 



The impulse is also the change in momentum of the inner conductor 

Imp = A(mj_ Vĵ ] = 30 N-s, 

where m, is the mass of the inner conductor and v̂ ^ is the velocity of the 

inner conductor. If the inner conductor moves as a rigid body then the veloc

ity imparted to the inner conductor during the current flow is 

A[m V ) 
V = ^-^ = 0.034 m/s, 
L m^ 

where we have assumed a solid inner conductor made of stainless steel. The 

total kinetic energy imparted to the line is 

^ K E ^ - ^ i ^ O - ^ l J-

As the inner conductor moves upward, shearing forces and bending moments 

build up to retard the motion of the cantilevered inner conductor. When the 

inner conductor reaches its largest deflection, all the kinetic energy has 

been transformed into elastic strain energy. 

The ratio of the maximum shear stress, x__,„, to the stress, a„, due to 

the bending moment for a uniform load is x la = 2r/(3)l) or x /a = " smax X smax X 

0.013 for the inner conductor. The strain energy then is due mainly to the 

bending moment stress. 

The strain energy due to a uniform load, q, is 

q2t5 
^SE 

40EI 

where E is the modulus of elasticity, I is the moment of inertia, and i is 

the length of the cantilevered section. Setting the strain energy equal to 

the kinetic energy and solving gives 

^°^^z ^KE 
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an effective force/unit length for the impulsive load. This effective uniform 

load is then used to calculate the approximate values for the maximum stresses 

and displacements when all the kinetic energy has become strain energy. 

The effective uniform load for the DEMO case is 

q^pj, = 3.37 X 102 N/m . 

This represents an upper bound since the strain energy due to the shear 

stress, though small, has been neglected. The maximum shear stress for a 

solid circular cross section of radius r is 

4 IEFF^ 

which is T = 7.94 x 10'*N/m2 = 11.5 psi for the DEMO example. The maximum 

tensile or compressive stress due to the bending moment is 

21EFF^' 

which is a = 5.97 x 106N/m2 = 866 psi for the DEMO example. 

The yield point of stainless steel varies, but a yield strength in 

tension (or compression) of 120,000 psi is not uncommon. The corresponding 

yield point in shear is 72,000 psi. Thus, the maximum stresses in the inner 

conductor due to the impulsive I x B uniform load are small compared with the 

yield stresses of stainless steel. 

The maximum displacement at the cathode end of the inner conductor is 

8EI 
z 

which for the DEMO design 5°'̂ '̂  = 1.67 x 10 m. The displacement, 6, during 

the beam pulse is more important than the maximum displacement since a large 

displacement during the beam pulse can change the electrical characteristics 

of the transmission line. The displacement at the end of the beam pulse is 

small, 1.7 X 10~ m, and the inner conductor remains approximately fixed 

during the beam pulse. 
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The force/unit length due to the weight of the inner conductor is larger 

than the effective force due to the impulsive force. Including the weight of 

the inner conductor and the impulsive load gives a maximum shear stress of 
5 9 

X = 4.62 X 10 N/m = 67 psi and a maximum tensile stress of a^ = 3.47 x 
smax X 

10 N/m = 5,035 psi. Both of these stresses are small compared to the 

corresponding shear and tensile yield strengths for stainless steel. 

Since the outer coaxial line can be designed to compensate for the dis

placement due to the static weight of the inner coaxial line, the relevant 

displacement is the additional displacement due to the impulsive load. This 

additional displacement Is A6 (t = 100 ps) = 1.7 x 10~° m. 

In suraraary, a 9-cm-radius inner conductor which is cantilevered at the 

outside edge of the toroidal field coils is mechanically sound for use in the 

DEMO beam system. The outer coaxial line can easily be supported over its 

length and, thus, is not a problem mechanically. 

The stresses can be lowered further by using a hollow inner conductor 

since the force/unit length due to the weight of the transmission line 

decreases faster than I as the inner conductor is hollowed out. This will z 

decrease the bending stresses, keep the shear stresses approximately constant, 

and decrease displacement. There are, of course, limits to how thin one can 

make the shell. 

An optimized design (minimum stresses) will have a tapered wall thickness 

such as that shown in Fig. 2B-5. The stresses are expected to be much lower 

for an optimized design than for the solid inner conductor considered in 

detail in this section. 

2B.4 Beara Generator 

2B.4.1 REB Power Conditioning System 

The pulsed power conditioning system (PPCS) for the REB current drive 

system converts wall plug energy into the pulse delivered to the transmission 

line feeding the plasma diode. PPCS consists of all equipment from the wall 

plug to the transmission line, including controls and support systems such as 

cooling and monitors. The output requirements of PPCS are shown in Table 2B-1 

for one line, steady state performance. The startup requirements for PPCS are 

shown in Table 2B-2 for one line. 
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Fig. 2B-5. An inner conductor of the vacuum transmission 
line with tapered wall thickness to reduce 
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T a b l e 2B-1 PPCS S t e a d y - S t a t e R e q u i r e m e n t s f o r One Line 

V , , MV 1 '53 
o u t ' 

E (> 90% V ^ ^ ^ ) , MJ 2 

f, Hz 2 / 3 

Z, a 117 

T a b l e 2B-2 PPCS S t a r t u p R e q u i r e m e n t s f o r One Line 

V ,., MV 1.53 
o u t ' 

E (> 90% V ^ ^ ^ ) , HI 2 

f, Hz 20 

z , a 117 

An additional requirement for PPCS is reliability, with system and component 

lifetimes on the order of 10^ shots. 

A block diagram of a typical pulsed power system is shown in Fig. 2B-6. 

The modulator converts dc power into pulsed power. The modulator voltage is 

then transformed to the required load voltage. Typical methods of voltage 

transformation use transformers and/or Marx generators. The output pulse is 

produced by means of a pulse-shaping network. The pulse-shaping network may 

be in the low voltage or the high voltage section of PPCS, or pulse shaping 

may be included in the method of voltage transformation, as in a PFN-Marx 

(Sec. 2B.4.3). 

A typical modulator consists of filter capacitor, charging inductor, 

blocking diode, command charge switch, intermediate storage capacitor, inter

mediate switch, and output transformer, as shown in Fig. 2B-7. Initially, the 

command charge switch is open. When the command charge switch is triggered, 

the filter capacitor, Cp, charges the intermediate cap, C,. The charging 

diode prevents the charge on C^ from ringing back into C„ and the power 
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Fig. 2B-6. Block diagram of a conventional pulsed power 
conditioning system. 
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Fig. 2B-7. Circuit diagram for typical pulsed power modulator. 
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supply. After Cj has charged to full voltage, the intermediate switch is 

triggered, allowing C^ to discharge through the transforraer into the PFN. 

When the PFN is fully charged, the output switch is fired, and the PFN 

discharges into the load. 

The PFN voltage divides between the PFN impedance and the load imped

ance. If the PFN impedance is matched to the load, then the PFN charge volt

age must be twice the load voltage. To apply 1.5 MV to the load, the PFN must 

be charged to 3 MV. The output switch, transformer secondary, and all PFN 
o 

components must be designed to hold off 3 MV reliably, for 10 shots. Since 

transformers and switches carry a high degree of risk at 2 MJ and 3 MV, a 

desirable power conditioning method would provide 1.5 MV to the load, while 

stressing individual components at 100 to 500 kV. 

Several pulsed power systems were analyzed for feasibility and perform

ance in this application. The most promising standard technology systems use 

a modulator to charge a Darlington network (Fig. 2B-8) or a PFN-Marx (Fig. 

2B-9). These systems are discussed in detail in Sees. 2B.4.2 and 2B.4.3. A 

better, but less standard, approach using compensated pulsed alternators (com

pulsators) to provide the output pulse is presented in Sec. 2B.4.4. 

2B.4.2 Darlington Approach 

A Darlington network , shown in Fig. 2B-8, will reduce the voltage 

stress on the transformer secondary, the output switch, and the PFN compo

nents. The impedance of each PFN is given by 

z. = z, i ( i i A l . 
1 L , 

n'̂  

where 1 refers to the i' PFN, n is the total number of PFNs, and Z, is the 

load impedance. If all of the networks have the same delay time and phase 

characteristics, then one pulse of width x will appear across the load (n-1) 

x/2 s after the switch is closed. Each PFN interacts with its neighbor such 

that the output pulse adds to (n/2) Vpp„, while the reflections cancel. For a 

charging voltage of 500 kV, n = 6; the impedance of each PFN is shown in 

Table 2B-3. 
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Fig. 2B-8. Darlington network and thyratron modulator. 
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Table 2B-3. Impedance of Darlington PFNs with 
Respect to the Load Impedance 

Impedance Ratio 

PFN (̂ ''i/̂ L̂  

1 2/36 

2 6/36 

3 12/36 

4 20/36 

5 30/36 

6 6/36 

The Darlington approach offers several advantages. The transformer and 

switch voltage have been reduced from 3 MV to 500 kV. Only one output switch 

is required. Voltage multiplication is achieved by impedance mismatching 

between the PFNs. 

The disadvantages of this approach involve PFN, transformer, and switch 

designs. Each PFN has a different impedance, which complicates design and 

assembly of the PFNs. The PFNs must have four terminals; standard PFNs are 

designed with two terminals. Therefore, a design procedure must be developed 

to produce a suitable four-terminal PFN. 

Even at a reduced voltage of 500 kV, the transformer and switch will 

require developmental effort. With sufficient funding, the voltage grading, 

inductance, and cooling problems of the transformer may be overcome. The 

switch will be more difficult to design than the transformer. The switch will 

require some form of electrode feeding due to electrode erosion. Assuming 

that the switch must transfer the total charge of each pulse, the electrodes 
o 

will lose 8 kg of material over a life of 10 shots. A mechanical feeding 

device further complicates system design since the feeding device must operate 

in the high voltage portion of the circuit, and either be floated to 500 kV or 

insulated from 500 kV. An alternate to the electrode-fed switch would be a 

switch with some form of recyclable electrode material; the design of this 

type of switch has not been developed at this time. 

In addition, the startup power of 40 MW required per side will be diffi" 

cult to achieve with this system. Each component must be sized to handle the 
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startup power at steady state, even though 40 MW is required for only a few 

minutes. Many thyratrons will be required in parallel in the modulator to 

handle the average and rms current load. The dc power supply must be sized to 

accommodate peak demand of 40 MW. This Implies that in case of a fault, large 

fault currents based on the 40 MW rating of the power supply can be drawn. 

The fault current under worst case conditons for a 40-MW power supply with a 

13.5 kV, 3 (|i input would be approximately 90 kA per phase. A typical circuit 

breaker would interrupt the fault within 1-1/2 cycles at 60 Hz, or 25 ms. The 

energy dumped into the system during this time would be ~ 35 MJ. 

Accommodating this size of fault while maintaining the reliability of the 

system presents a difficult design problem. 

2B.4.3 PFN-Marx Approach 

The circuit schematic for a PFN-Marx is shown in Fig. 2B-9. The PFNs are 

charged in parallel and discharged in series to obtain the output pulse. When 

discharged, each PFN halves the charge voltage. For a charge voltage of 

100 kV and an output voltage of 1.5 MV, at least 30 stages, or PFNs, will be 

required. The switch for each stage must hold off 100 kV, and conduct a 

charge of 2.1 C. 

The PFN-Marx approach offers several advantages. Each switch must with

stand 100 kV, as opposed to 3 MV for a conventional approach or 500 kV for the 

Darlington approach. A 100 kV switch is inherently easier to design, con

struct, and operate than a 500 kV switch. As shown in Fig. 2B-9, no trans

former is required to step up the modulator voltage. Each PFN is identical, 

which is advantageous when designing and assembling 30 PFNs. Also, each PFN 

halves its charge voltage. Implying that no place in the circuit will have an 

applied voltage of more than 1.5 MV; a conventional approach would charge to 

3 MV. 

While using 30 stages reduces the charge voltage, it also decreases sys

tem reliability by requiring 30 switches. Since each switch must conduct 
p 

2.61 C of charge for 10 shots, 2.61 kg of electrode material will erode 

away. As in the Darlington approach, the electrodes must be either mechani

cally fed into the switch to keep up with electrode wear, or a new type of 

switch with recyclable electrodes must be developed. 
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A mechanical feed for 30 switches is not a simple task. In addition, the 

startup power for this system is as difficult to achieve as in the Darlington 

system. 

2B.4.4 Compulsator Approach 

A less standard, but more viable, pulsed power conditioning approach than 

either the Darlington or PFN-Marx approaches uses compensated pulsed alterna

tors (compulsators) to provide the 1.5 MV, 2 MJ, 100 ps pulse to the plasma 

diode. The performance and operating characteristics of compulsators are 

discussed in Refs. 78-81. Figure 2B-10 shows a block diagram of the compul

sator configuration. The compulsators each feed a transformer; the trans

former secondaries are connected in series to achieve 1.5 MV. The output 

voltage of each compulsator is limited to about 12 kV due to insulation and 

inductance limitations. Since a reasonable limitation on the transformer 

turns ratio is 20:1, each transformer would provide about 250 kV. Therefore, 

six compulsator/transformer units would be required to provide a pulse of 

1.5 MV. 

The major advantage to this system is that no high voltage output switch 

is necessary. Each compulsator is switched individually at 12 kV with a stan

dard ignition. Compulsators are reliable and long-lived. Because the energy 

is stored in rotating machinery rather than capacitors, the system is rela

tively small and inexpensive. The startup power is comparatively easy to 

achieve by increasing the repetition rate from 0.67 to 20 Hz. The motors 

driving the compulsators will have to be sized to provide the rotational 

energy necessary to produce 40 MW of power. However, increasing the size of 

these motors does not affect fault modes or fault currents. 

Critical issues for this system involve the transformers, the pulse shape 

of the compulsator output, and the problems of operating machines in paral

lel. The transformers of this system must be designed to match the compul

sator source and plasma diode characteristics. The University of Texas Center 

for Electro-Mechanics (UTCEM) believes they can develop such a transformer. 

The transformers must also be designed with adequate voltage grading so that 

the secondaries withstand 1.5 MV under fault conditions. 

The compulsator does not produce a square pulse. The pulse shape depends 
(82 ̂  

to an extent upon load characteristics. UTCEM currently estimates they 

2A-33 



UNIT 1 MOTOR COMPULSATOR 

r-^^IGNIXRON 

UriL 

^ 

'TX XRIGGER 

k 

I ' % T : ! 
J 

UNIT 2 

UNIT 6 

MOTOR COMPULSAXOR 

N 
\A 

i 
T 

Ik, 
V / 

IGNITRON 

J TRIGGER 

T * k 
o 
a 
a 
o 

TRANSMISSION LINE 

a: 31 

-M-

COMPULSATOR 

r 
^ IGNITRON 

TRIGGER 
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can achieve a 150 ps pulsewidth above two-thirds load voltage. Pulse shaping 

compensating networks may be added to the circuit if a better pulse shape is 

desired. 

Operating compulsators in parallel may induce circulating currents. If 

one machine provides more voltage than the others, current will flow from the 

higher voltage machine to the lower voltage machines. There are three solu

tions to this problem: 

1. Allow the current to circulate and increase the compulsator brush 

size. 

2. Add blocking diodes to the output of each compulsator to prevent 

current from circulating. 

3. Add precision control for each compulsator, varying the rotor speed 

to maintain constant and equal pulse voltages. 

The best approach for the REB application can be determined by analyzing the 

extent of the circulating currents and their effect on compulsator and system 

performance. 

2B.4.5 System Efficiency 

An efficiency diagram for the compulsator system is shown in Fig. 

2B-11. Each diode requires 2 MJ/pulse to drive the current. An additional 

400 kJ/pulse is supplied to the diode during the r*lse and fall of the voltage 

pulse. Since the kinetic energy of the beam will be less than 1.533 MeV dur

ing the rise and fall, we assume, conservatively, that this energy does not 

contribute to current drive. The transmission line and diode combination are 

approximately 907, efficient. The pulsed power conditioning system must then 

provide 2.67 MJ/pulse to the transmission line. The output of each of the six 

compulsator/transformer units must be 444 kj/pulse. Based on estimates of the 

component efficiency, each compulsator/transformer unit is 64% efficient. The 

transmission line/diode combination efficiency, including energy lost in the 

rise and fall of the voltage pulse, is 75%. The total system efficiency from 

electrical power from an external source to electron beam for current drive is 

48%. 
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2B.4.6 System Costs 

The pulse power of 673 kJ at 2/3 Hz per motor translates to 450 KW, or 

605 HP. There are many different types of motors capable of providing 605 HP 

of rotational energy to the compulsator. However, we need a system that is 

also capable of providing 13.5 MW or 18,000 HP for a startup duty of 6 minutes 

every 6 months. One method of achieving this performance would use a hydrau

lic drive for the compulsator. An induction motor would drive a hydraulic 

pump which supplies the hydraulic drive compulsator for steady state opera

tion. A variable displacement pump power averages by pumping low volumes of 

oil at low pressure and low demand, and high volumes of oil at high pressure 

and high demand, thus keeping the load on the induction motor approximately 

constant. We would use an accumulator to provide startup power. An accumu

lator is a pressure tank with a bladder of compressed nitrogen. Oil is pumped 

into the tank to a pressure of 5000 psi, compressing the bladder. When the 

startup power is required, the oil is released from the tank to drive the 

compulsator. The bladder maintains constant pressure. To produce 18,000 HP 

for 6 minutes, the volume of the accumulator would be 40,000 gal, or a cube of 

5.33 M on a side. Six of these systems will be required, one for each compul

sator. The six compulsators will power one diode at 1.33 MW average steady-

state power. 

The estimated cost of this system is shown in Table 2B-4. The cost for 

each component is indicated, along with the cost to power one diode (six 

compulsator units), and the total cost for both diodes. 
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Table 2B-4. Rough Order of Magnitude Cost 

Device 
Cost/Unit 

(steady state) 

S27K 

— 

82K 

50K 

30K 

Cost/Unit 
(with startup) 

$27K 

420K 

82K 

50K 

30K 

605 Hp hydraulic motor 

40,000 gallon accumulator 

Compulsator, capacitor, 
with controls 

Diodes, ignitron, etc. 

Transformer 

Cost/Compulsator Unit $189K $609K 

PPCS cost/beam line 

Transmission line/diode 

Cost/beam line 

$1.134M 

1.140M 

$2.274M 

$3.654M 

1.140M 

$4.794M 

TOTAL SYSTEM COST $4.548M $9.588M 
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APPENDIX 2C 

WAVE LAUNCHER PRELIMINARY ENGINEERING 

The electrical design of a loop antenna is decribed in Ref. 83, which we 

follow. Generally, the antenna conductor should be as close as possible to 

the plasma edge, located behind the leading edge of the Faraday shield. We 

assume a 1-cm thick coolant tube bank serves as the screen and allow a gap s = 

1 cm between the screen and the antenna, so the antenna is a distance a = 2 cm 

from the plasma. We assume the antenna averages a distance d = 15 cm from the 

first wall (see Fig. 2-3), and we take the antenna conductor width (in the 

toroidal direction) to be 2 w = 12 cm. The specific antenna capacitance is 

approximately given by C = E()(2W)/S = 1.1 X 10"^ F/m, and we estimate its 
f 83^ — 

specific inductance to be L => 9 x 10 '̂  H/m, so its characteristic 

impedance is Z^ = /L/C = 91 Q. With a phase velocity (LC)"^'^ = 1.0 x lO^ 

m/s, we see the propagation constant is g = U)/LC = 5.0 m~l at the 82 MHz 

frequency proposed in Sec. 2.3.4.3. A three-quarter wavelength antenna has 

favorable characteristics, so we select a length i^ = 3Tr/(2/g) = 0.95 m. 

To estimate the maximum antenna power, which is limited by breakdown at 

high electric fields, we need to know the antenna's radiation resistance. 

This is a difficult calculation, which is treated in depth in Ref. 83. We 

estimate R ~ 250 fi/m . For a given antenna power. P., the maximum antenna 
1/2 1/2 

voltage is V. = Z Q P /(0.28 R I ] for a 3 X/4 antenna. In particular, P^ 

= 10 MW results in V. = 35 kV and an electric field across the antenna to 

Faraday screen gap of E. = 35 kV/cm. These values have already been achieved 

in TFR experiments ' without evidence of breakdown, so we feel confident 

these values are realistic for the DEMO. The success of this high voltage 

operation is evidently due to the very low free electron density in the 

antenna vicinity, the Faraday screen very effectively preventing plasma 

accumulation. 

The vacuum feedthrough, from the coax transmission line to the antenna 

strip line, is usually the location where breakdown is most likely. We 

calculate the complex antenna input impedance. 

iu)L 
11/2 

-ItoC 
tanh 

1/2 
-ia)C(R - i(jL)1 I, -(107 + i38)fj 
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If an unmatched system is used, with a Z - = 50 JJ feeder , the r e f l ec t ion 

coeff icient would be 

A o,f 

A o,f 

= 0.42 

The resu l t ing VSWR could be s i g n i f i c a n t . 

L±JI1 = 2.5 
1 - |r| 

. In 

The maximum voltage on the antenna feed is V, = (2P^Z^ ^s) , which would be 

35 kV for P. = 10 MW. For a 9-in. 50-fi coax the field is Ê ^ = 8.3 kV/cm, 

which is also below the TFR value. To reduce the VSWR it is standard 

procedure to install two or three motor-driven stubs in the circuit, spaced at 

X/8 intervals.^ ' Beyond the ceramic vacuum windows it is possible to reduce 

the coax diameter to 6 in. since the line can be pressurized. 

We feel the antennas can each handle 10 MW or more. This is higher than 

achieved in present machines for two reasons. First, the antenna is separated 

by a larger distance (d ° 15 cm) from the return currents in the wall, so its 

radiation resistance is higher (more power is radiated for a given voltage). 

In addition, the extra room in a reactor permits reasonably large separations 

between the antenna and the Faraday screen (s = 1 cm) which accordingly keeps 

E^ fairly low. Thus, only ten antennas would be needed to provide the 

requisite current drive power for the HSMS wave. The choice of a toroidal 

mode number N = 42 (Sec. 2.3.4.3) dictates a X„ = 2itR.,„/N = 0.82 m at the 
II Tiiag 

magnetic axis. It may be possible to space the antennas with X/4 separation 

on centers, so the whole phased array will be 2-1/4 toroidal wavelenths, 

spanning 19.3 deg toroidally. (See Figs. 2-3 and 2-4.) 

The antenna and Faraday screen should be in proximity to the plasma, yet 

not so close that normal heat fluxes or disruptions might jeopardize a long, 

maintenance-free life of the assembly. A distance 4 cm into the shadow of the 

limiter is proposed. 

We conclude this discussion with comments on the materials used for the 

antenna construction. The antenna conductor and Faraday screen are actively 

cooled tube structures, fabricated from the structural steel used in the DEMO 
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blanket. Electrical conductivity is a secondary consideration, although a 

special surface treatment may be needed to minimize breakdown problems. Use 

of a slotted, overlapping screen will permit an all-metal design within the 

vacuum chamber. The only vulnerable insulator is the vacuum feedthrough 

in the coax. We note that the narrow diameter of the 9-in. coax is beneficial 

in reducing the neutron dose away from the first wall.^ ^ A ceramic 

insulator (BeO, e.g.) will be required for this window, but further studies 

need to be done to determine the best location. 
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3.1 Introduction 

3.1.1 Scope of Work 

Impurity control and exhaust represents a crucial area in the design of 

STARFIRE/DEMO. The impurity control system must ensure long pulse and, 

possibly, steady state plasma operation, must be reliable enough to achieve 

multiyear lifetimes, and should not adversely affect the other reactor 

systems. Besides having a major influence on the plasma, the Impurity control 

system Interacts with other reactor systems including the first wall, the 

vacuum system, the blanket, and possibly the magnet system. The system may 

also have a significant impact on the tritium fueling and breeding and reactor 

maintenance. 

Most impurity control systems devised to control plasma impurities can be 

divided into two groups - dlvertors and limiters. A divertor system employs 

modifications to the magnetic field such that ionized particles escaping the 

plasma are swept out of the plasma chamber and into the divertor where they 

are neutralized when they strike the divertor collector plates. Most 

neutralized particles are then pumped into the vacuum system. The limiter 

projects directly from the first wall and serves to intercept ionized 

particles escaping the plasma. These particles strike the liraiter surface and 

are neutralized. The pumped limiter has holes or slots where a small fraction 

(about 10%) of the incident particles are captured ^nd neutralized. Most of 

the captured particles then enter the vacuum duct and are pumped. 
f 1-3) Recent reactor design studies have selected either a pumped limiter 

or poloidal divertor for the impurity control system, and the present study 

has focused on the generic issues of these concepts. A pumped limiter similar 

to that used in STARFIRE' •' has been selected as the baseline design for 
(2') 

limiters, and a poloidal divertor similar to that used in INTOR^ ' has been 

selected as the baseline divertor system. Most of the work at this point in 

the study has been on issues related to the puraped limiter. Work on the 

poloidal divertor is in progress. 

The issues examined for the pumped limiter are shown in Table 3-1. 

Emphasis has been placed on the plasma edge-materials surface interactions. 

Codes have been developed to model the plasma edge conditions and to model the 

anticipated sputtering and redeposition of material on the first wall and 

limiter. Details of the plasma edge and sputtering calculations are given in 
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Sections 3.3.2 and 3.3.4 respectively. The materials selection, presented in 

Section 3.4, is based upon the results of the plasma and sputtering 

calculations. The possible structure of redeposited materials has also been 

examined. The design engineering issues for the limiter consist of trade-off 

considerations for the limiter placement, and parametric studies of the 

temperatures and stresses at the leading edge of the limiter. Initial trade

off considerations for the poloidal divertor are also presented. 

Table 3-1. Issues Examined for Pumped Liraiter Systems 

ISSUE 

Plasma Edge Physics 

Redeposition and Sputtering 

Configuration and Maintenance 

Material Selection 

Operating Temperatures 

S t r e s s e s 

AREAS CONSIDERED 

Heat Load 
Edge Conditions 

Low Z Materials 
High Z Materials 
Limiter Geometry 
Plasma Edge Temperature 

Disruptions 
Tritium Breeding 
Replaceraent Procedures 

Structural Materials 
Coating/Cladding Materials 
Redeposited Materials 

Coating-Structural Material 
Combinations 
Coating Thickness 

Thermal Stresses 
Magnetic Forces During Disruptions 

3.1.2 Baseline Designs 

The limiter baseline design is a blade type of limiter similar to the 

STARFIRE design shown in Fig. 3-1.^'"^ The front surface of the limiter 

extends about 20 cm into the plasma chamber, and the blade is about 1 m in 

height. The leading edge of the liraiter is recessed from the plasma edge to 

reduce the heat flux to a reasonable level. The limiter blade is continuous 

in the toroidal direction. The vacuum duct is placed in back of the limiter 

to pump the particles entering the limiter slot. Three limiter configurations 
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Figure 3-1. Cross Section of the STARFIRE Limiter Design. 
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have been considered: the outer midplane (Fig.3-2a), the bottom of the plasma 

chamber (Fig.3-2c), and midway in between (Fig.3-2b). The bottom limiter 
/ 3 •) 

design is a single blade design similar to the FED limiter^ ' . The three 

liraiter configurations are designed to be reraoved independently of the rest of 

the blanket and shield to allow for the llraiter's reduced lifetime compared 

with the other components. Tradeoff considerations for the limiter placement 

are given In Section 3.2. 

The baseline design for the divertor is a single null poloidal divertor 

similar to the INTOR design shown in Fig. 3-3. A single null divertor has 

been selected over a double null divertor because a single null divertor is 

easier to maintain and occupies less blanket space than a double null 

divertor. Ionized particles entering the divertor first strike the divertor 

collector plates. These plates are thus subjected to high heat fluxes and 

potentially high sputtering rates similar to the limiter. The plates are 

designed to be removed independently of the rest of the blanket and shield. 

The baseline design of the collector plates is expected to be similar to the 

U.S. INTOR design, shown in Fig. 3-4. The plate design consists of a low-

sputtering protection plate that is mechanically attached to a water cooled 

heat sink. Additional divertor engineering considerations are given in 

Section 3.2. 

3.1.3 Limiter Impurity Control Options 

An effort was made to study the limiter impurity control options over a 

wide range of operating parameters. The primary variables are those related 

to the plasma edge conditions with the baseline limiter design and the reactor 

power characteristics remaining constant. A summary of the cases considered 

is given in Table 3-2. Three plasma edge temperatures have been selected for 

detailed study. The edge temperatures of ~1000 eV, ~100 eV, and ~10 eV are 

designated as high, medium, and low temperature cases respectively. Other 

parameters, such as particle fluxes, charge exchange neutral energy, and 

surface heat fluxes, are expected to change as the edge temperature is 

changed. The parameters shown for the high and medium edge temperatures have 

been determined based on the analysis discussed in Section 3.3. The 

parameters for the low edge temperature case are assumed values. The low 

temperature regime is not well understood at this time, and additional work is 

required. The assumption of a 10 eV edge temperature is sufficient for design 
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Figure 3-2. 

OPTIONS FOR PUMPED LIMITER CONFIGURATIONS IN STARFIRE/DEMO 

n ALL LIMITER MODULES REMOVABLE RADIALLY. 
SEPARATELY FROM SHIELD AND BLANKET SECTOR 

0 MAGNETIC DIVERTOR AND NEUTRAL BEAM HEATING ARE NOT OPTIONS 

0 VACUUM PUMPS LOCATED BELOW REACTOR 

BLANKET 
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Figure 3 -3 . Po lo ida l Diver to r Conf igura t ion of INTOR. 

Tab le 3 - 2 . L i m i t e r O p e r a t i n g C o n d i t i o n s 

Edge Temp. 
Average 

E l e c t r o n Temp. 
Average 

C-X Energy 
D-T C u r r e n t ^ 
t o L i m i t e r 

C-X C u r r e n t 
t o 1 s t Wall 

T r a n s p o r t power 
t o L i m i t e r 

HIGH 1.5 KeV 

HEDIIJM 100 eV 

LOW 10 eV 

7 .60 X 1 0 * " ^ ' 

I . I A X lO-^^s" 

1.0 n I O ^ - ' B 

1.0 X l O ' - ' s " 

C-X B Charge Exchange 
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Figure 3-4. Divertor Collector Plate Design for INTOR. 

purposes, however. The changes in these parameters affect the materials 

selection and the detailed limiter design is likely to be different for each 

of the cases considered. 

At present, a single option for the divertor is being examined. The 
(2) 

operating conditions are similar to those in INTOR^ ', but the parameters will 

be modified to account for the different reactor get>metry and power output in 

DEMO. The anticipated plasma edge temperature is about 100 eV, and the total 

23 -1 
ion flux to the divertor is expected to be about 5 x 10 s . The surface 

o 

heat flux to the collector plate is anticipated to be 2-3 MW/m . The possible 

redeposition of material on the collector plates is now under investigation. 
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3.1.4 Summary of Results 

At high edge temperature conditions, low-Z materials provide the most 

suitable materials facing the plasma. A higher concentration of low-Z 

Impurities can be tolerated within the plasma, and the self-sputtering 

coefficient at high energies is less than unity. As shown in Table 3-3, 

beryllium is the preferred low-Z material. The average rate of sputtering of 

Be on the first wall is estimated to be ~ 1 mm/y, and the average rate of 

buildup on the limiter due to redeposition is estimated to be ~ 1 cm/y at 100% 

duty factor. This sputtering rate raeans that the beryllium layer on the first 

wall must be ~ 1 cm thick in order to achieve an extended lifetime. On the 

other hand, a relatively rapid buildup of material on the limiter could lead 

to high thermal stresses and may necessitate frequent replacement. The copper 

alloy AMAX-MZC has been chosen as the limiter structural material primarily 

because of its ability to withstand high heat fluxes. The major concerns of 

this design involve the fabrication and bond reliability of the two layered 

structures and the stability of the redeposited material or rapid erosion of 

low-Z materials. Details of the materials selection are given in Sec. 3.5. 

Table 3-3. Edge Temperature Considerations 

Edge 
Temperature Materials Advantages Concerns 

High Be-Surface Low temperatures and Duplex fabrication and 
bonded to stresses bond strength 
Cu-Structure 

Minimum impurity Properties of redeposited 
effect in plasma raaterials 

Medium W-Surface Thin llraiter/first Self-sputtering 
bonded to wall 
Cu-Structure 

Very low sputtering High-Z concentration 
in plasma 

Low Cu-Llraiter Thin l i m i t e r / f i r s t 
wall 

Physics uncer ta in t ies 

No sput te r ing 

Siraplified engineering 
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At medium edge temperatures, the choice of the first wall and limiter 

coating changes. At energies of ~ 100 eV, the high-Z materials exhibit the 

lowest DT sputtering rates while satisfying the requirement of self-sputtering 

coefficients < 1 on the limiter surface. Preliminary analysis using the 

computer code described in Sec. 3-3 indicates that at medium edge 

temperatures, hlgh-Z raaterials may exhibit low net erosion and low 

concentrations within the plasma. These conditions would occur when sputtered 

high-Z atoms are ionized near the surface (^1 cm) and then returned. Little 

or no sputtered material would be transported into the plasma. An edge 

temperature of ^50 eV is required to avoid a self-sputtering 

coefficient > 1 . This edge temperature may be attainable by gas puffing of 

the D-T fuel. The analysis of redeposition of materials depends upon 

estimates of ionization cross sections, plasma profiles, sputtering 

coefficients, and momentum transfer effects, some of which are highly 

uncertain. Preliminary calculations are encouraging, hut more detailed 

calculations are required. Tungsten has been chosen as the high-Z material 

and AMAX-MZC is again the limiter structural material. The principal 

advantage of tungsten is its high melting point, and its very low vaporization 

rates, as discussed in Sec.4-2. Calculations of plasma disruption effects on 

tungsten indicate that under most disruption conditions, tungsten will not 

reach its melting point. For a tungsten clad first wall, the sputtering rate 

of tungsen would ~ 0.2 mm/y and the average rate of*bulIdup rate on the 

limiter is estimated to be about 1.5 mm/y at 100% duty factor if the entire 

first wall is coated with tungsten. The low sputtering rates mean that the 

first wall and possibly the limiter structure can be designed to be thin. A 

major concern is the fabrication and bonding of two layered materials. 

At low edge temperatures (~ 10 eV) all materials exhibit low sputtering 

rates. Materials can be chosen independently of sputtering considerations. 

For this case, AMAX-MZC alone and austenitic stainless steel alone have been 

selected as the limiter and first wall materials, respectively. The major 

concern for this configuration is the uncertainty in achieving such low edge 

temperatures. Additional work is required to determine if this regime is 

attainable. 
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3.2 Engineering Tradeoff Considerations 

3.2.1 Pumped Liraiter 

The toroidal belt pumped limiter was evaluated to determine the best 

location from the standpoint of plasma and reactor engineering. Three 

positions were considered: the outer midplane (Fig. 3-2a), the upper or lower 

45° blanket segment (Fig. 3-2b), and the bottom of the plasma chamber (Fig. 3-

2c). The assembly, maintenance, and repair (AMR) requirements, the effects on 

tritium breeding, and the effects of disruptions were considered. 

The outer midplane limiter has advantages over the other locations from 

the standpoint of plasma engineering. First, the particle and heat fluxes are 

roughly uniform across the front face of the limiter, as described in Section 

3.3.3, and second, this location is the least likely to be struck by the 

energy of a disruption. The disadvantages of this concept are that it can 

interfere with other penetrations, such as diagnostics and plasma heating 

components and that the limiter module occupies a significant fraction of the 

blanket volume. To facilitate maintenance, it may be preferable to design the 

limiter modules to be non-breeding. Therefore, the additional space occupied 

by the outboard liraiter module compared with other positions could produce the 

largest reduction in the tritium breeding ratio. 

The 45° limiter placement allows more space for other blanket 

penetrations. The particle and heat fluxes on the limiter are non-uniform, 

however, which presents additional engineering difficulties. This location is 

believed to be more prone to receiving disruptions than the midplane location. 

The bottom single blade liraiter penetration occupies the smallest 

fraction of the blanket and shield. It is less sensitive to plasma scrape-off 

parameter changes. The flux surfaces for a D-shaped plasma are further apart 

at the top and bottom, resulting in a larger scrapeoff zone. The increased 

zone size spreads the heat flux over a large area. The fraction of the 

particles pumped by the system can be changed by moving the liraiter in or 

out. The disadvantages .of the bottom limiter are increased vulnerability to 

disruptions, and reduced pumping (by 50%) capability compared with the 2-sIot 

midplane design. However, Che bottom liraiter can be designed for pumping from 

both sides. It can also be shaped to receive uniform heat fluxes. These 

modifications to the FED type limiter,"although desirable from a reactor 

standpoint, introduce additional design complexities. 

3-10 



The selection of the limiter position depends in part on the goals for 

the reactor. Since STARFIRE/DEMO must demonstrate both high fusion power 

production and high availability, the primary concerns are the effect of 

disruptions and the long-terra reliability of the limiter system. These 

requirements are in contrast to an experimental device such as FED, where 

diagnostic space, test module space, and flexibility to changes in scrapeoff 

parameters are of primary importance. The first choice for the limiter 

placement in STARFIRE/DEMO is therefore the outer midplane, and the limiter 

analysis presented in the remaining sections are based upon the outer midplane 

placement. Modifications to the bottom limiter to make it more compatible 

with reactor applications are under investigation. 

3.2.2 Poloidal Divertor 

A poloidal divertor occupies a larger volume of the blanket and shield 

compared with the pumped limiter, and requires additional magnets to produce 

the desired magnetic field. The divertor collector plates are subjected to 

severe operating conditions and provision must be made to replace them 

independently of the rest of the blanket and shield. The single null poloidal 

divertor has been adopted for STARFIRE/DEMO since it requires less space and 

provides for easier maintenance than a double null divertor. 

The primary engineering concerns of a divertor are directly or Indirectly 

related to the large volume occupied by the divertor chamber. The toroidal 

and poloidal coil dimensions may need to be enlarged to accommodate the 

chamber. If the chamber is designed to be non-breeding to facilitate 

replacement, then the entire bottom segment of the blanket will be removed 

from tritium production. It is likely that this design would eliminate most 

solid breeders from consideration because of their marginal breeding 

characteristics. (See Chapter 4 for tritium breeder evaluations.) The other 

major concern is the design of the divertor collector plates, which must 

withstand high heat and particle fluxes. The conditions at the collector 

plates are similar to those at the limiter, but design and materials selection 

are more flexible since the plates are not adjacent to the plasma edge. In 

the case of the INTOR design, tungsten was selected as the surface material, 

since it offers the longest sputtering lifetime (about 2 y at 50% DF) in the 

absence of redeposition. The material selection could change when 

redeposition is considered, however. 
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The single null poloidal divertor will be studied in raore depth during 

the remainder of the study to evaluate its potential as an alternative to the 

pumped limiter. Specific areas to be addressed are: 

1) Magnet configuration 

2) Materials selection for the collector plate, including 

the surface and heat sink material 

3) Sputtering and redeposition of material on the collector 

plates 

4) Configuration of the collector plates, detailed design, 

allowable coolant conditions, and lifetime analysis 

5) Divertor systera maintenance. 
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3.3 Plasma Engineering 

3.3.1 Introduction 

Impurity control studies for DEMO have focused on the pumped limiter 

concept with more work planned for a poloidal divertor design. The major 

plasma engineering areas under investigation are 1) the plasma equilibrium and 

edge conditions for a DEMO type reactor, 2) high vs. low edge temperature 

operation, and 3) low Z coatings vs. uncoated structural raaterials for the 

first wall and limiter. The most critical area of concern for a limiter, and 

the divertor as well, is believed to be erosion and the associated lifetime of 

the limiter surface. We have continued the work begun in this area for 

STARFIRE through the use of a code^ ' that models the sputtering and 

redeposition of the limiter and wall material back on the limiter. Analysis 

of the plasma equilibrium and edge conditions has been done with a modified 

version of the WHIST 1-D transport code. A code (DSPUT)^^ has also been 

developed to predict sputtering coefficients on the limiter and first wall. 

Work is also in progress in examining the physics of the sheath region for the 

type of oblique incidence boundaries encountered in a toroidal limiter and 

poloidal divertor impurity control system. 

Based on the work performed to date, the following conclusions can be 

made about a limiter impurity control system. 1) The plasma edge conditions 

in DEMO can apparantly be controlled to give eitheK a high or low edge 

temperature by selecting the appropriate combination of pumping efficiency and 

plasma fueling method. 2) Plasma operating regimes can be identified where 

low Z coatings are absolutely required or where medium or high Z materials may 

be acceptable. 3) In most cases, the liraiter surface grows with time due to 

a transfer of wall sputtered material to the limiter. The growth rates 

predicted, imply multi-year operation before removal of the limiter is 

necessary. All of these conclusions are subject to uncertainties in both 

plasma physics and materials considerations. An ongoing effort, both in the 

theoretical and experimental areas is needed to resolve these uncertainties. 
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3.3.2 Plasma Equilibrium and Edge Conditions 

Part of the DEMO work in impurity control has been to study the expected 

plasma equilibrium and edge conditions and to explore ways of controlling the 

edge. This analysis made use of a one-dimensional, time-dependent plasma 

transport code adapted from the code WHIST, which has been developed for the 

last several years at Oak Ridge National Laboratory. Given an initial set of 

plasma profiles and suitable boundary conditions, WHIST advances the profiles 

in time, using specified plasma diffusion laws and appropriate source terms. 

Because this study concerns the steady-state phase of the burn, the plasma 

behavior was calculated with the code until a time-independent configuration 

developed. Additional details of this work are given in Reference 6. 

As in STARFIRE, a hlgh-Z impurity, iodine, is used to enhance the plasma 

radiation, in order to maintain thermal equilibrium during the burn and to 

minimize the transport power to the liraiter. Since the diffusion properties 

and source term are even less well understood for high-Z impurities than for 

hydrogenic species, the iodine profile and concentration were kept fixed 

during a run. Various iodine profiles were considered, and in each case the 

concentration was adjusted to yield the same overall plasma parameters. The 

iodine content was always less than 0.1% of the fuel content. 

The following basic recycling/refueling strategy was investigated: 

(a) A fraction, E, of the plasma ions which, according 

to the code, strike the limiter, is considered to be 

pumped by the vacuum system and the remaining fraction 

is recycled as cold neutral gas from the tip of the 

limiter, with an energy of 10 eV. 

(b) All neutrals which strike the wall are recycled as cold 

neutral gas, again at 10 eV. (Ions striking the wall are also 

recycled as neutrals but their number is insignificant.) 

(c) Heliura neutrals are considered to undergo ionization only and 

are recycled frora the tip of the limiter. 

(d) The pumped and burned fuel is replenished by either of two 

mechanisms: pellet Injection (the reference case), or additional 

gas puffing from the tip of the limiter. 
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Four recycling/refueling cases were considred, three corresponding to 

pellet injection with various choices of the pumping efficiency, and the 

fourth corresponding to refueling with gas puffing: 

1) e = 0.25; pellet injection; 

2) E = 0.10; pellet Injection; 

3) e = 0.05; pellet Injection; and 

4) e = 0.10; gas puffing. 

Deuterium and tritium pellets were treated separately in the code.. The 

pellet radius was 1.5 mm, so that a single pellet represented a 7% 

perturbation in the plasma density for that species. The pellet injection 

speed was 2 km/s, and the injection rate varied from 25 s~ (case 1) to 9 s~ 

(case 3) for each species. 

Profiles of the electron temperature, the ion temperature, and the 

deuterium density in case 2 are shown in Fig. 3-5. The average electron 

temperature T = <n T X n > and the average ion temperature, 

T. = <n.T.><n.> are 19.0 keV and 20.2 keV, respectively. (The averages 

without the density weighting factor are 16.9 keV and 18.0 keV, 

respectively.) The total fusion power, without blanket multiplication, is 753 

MW. As shown, the deuterium density profile is nearly flat over most of the 

discharge and sightly hollow in the center. The hollow feature is believed to 

be a nonequilibrium effect which would flatten out over longer running 

times. The tritium density is generally within a few percent of the deuterium 

density. 

The loads on the limiter and first wall and the plasma edge temperatures, 

for the cases defined above, are summarized in Table 3-4. Table 3-5 

summarizes the plasma power balance for these cases. As Table 3-4 indicates, 

the confinement time T decreases steadily with decreasing pumping efficiency 

(here T is defined as the total number of ions of a species, divided by the 

loss rate to the limiter; T , denotes the average of T and T , with the 
dt , d t 

former exceeding the latter by a few percent). At the same time, however, the 

edge temperatures drop because of the Increased recycling, so that the heat 

load on the limiter remains relatively constant. This heat load represents 

about 70% of the a heating power to the plasma, which is an acceptably low 

value for this design. (In STARFIRE, which had a much larger margin of 

ignition, the load on the limiter was 17% of the a-heating power.) 
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80 100 
r, cm 

Figure 3-5. Radial profiles of the electron 
temperature, ion temperature, and deuterium 
density for the reference case 2. In this 
figure, r is the distance along the horizontal 
midplane. 
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Table 3-4. Loads on the Limiter and Wall for Cases 1 - 4 

(1) (2) (3) (4) 

Removal efficiency, e 

Method of fueling 

d̂t> "" 
T , ms 
, ° ,n23 -1 

,„21 -1 
I , 10 s 
a 

Power to limiter, MW 

Tg at limiter tip, eV 

T^ at limiter tip, eV 
23 -1 Charge-exchange current to wall, 10 s 

Charge-exchange power to wall, MW 

Fractional iodine concentration,N-/N__ 

.25 

pellet 

176 

1081 

1.43 

1.16 

107 

805 

262 

1.08 

24 

2.9x10"'* 

.10 

pellet 

125 

472 

2.02 

2.85 

103 

560 

182 

1.38 

23 

2.9x10"^ 

.05 

pellet 

101 

266 

2.51 

5.68 

105 

455 

173 

1.57 

21 

2.1x10"'* 

.10 

puffing 

50 

449 

5.03 

2.16 

105 

235 

129 

1.88 

12 

0 

Table 3-5. Power Balance for Cases 1 - 4 

(Power in units of MW) 

Fusion (to a's) 

Ohmic 

Transport-electron 

Transport-ion 

Charge-excahnge and ionization 

Radiation-atomic 

Radiation-other 

(1) 

155.8 

11.9 

96.0 

11.5 

24.6 

23.1 

12.5 

. (2) 

150.6 

11.9 

92.3 

11.0 

22.0 

24.9 

12.3 

(3) 

146.2 

10.8 

92.7 

12.8 

21.5 

18.6 

11.4 

(4) 

115.1 

9.5 

86.9 

18.6 

12.1 

7.0 
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While the code computes the density and temperature at the start of and 

in the scrapeoff region, these must be viewed as particularly uncertain due to 

poor knowledge of diffusion coefficients and loss mechanisras in this region. 

Adding to the uncertainty are the steep gradients near the liraiter as well as 

2-D effects not taken into account. Preliminary runs have been made to assess 

the sensitivity to scrapeoff physics. It has been found that there is a 

substantial decoupling of the scrapeoff region from the rest of the plasma so 

that even if the scrapeoff parameters change substantially, the transport 

power to the limiter, and the core parameters remain nearly constant. The 

general trend found in all cases considered is that a fair degree of control 

of edge temperature is possible, noted in Table 3-4, through the measures 

described. More work is planned to examine other ways of varying edge 

conditions, and to better estimate the conditions. 

The ratio of T to T . , as noted frora Table 3-4, represents an important 
a dt 

consideration. The fact that this ratio considerably exceeds unity raeans that 

adequate heliura removal would involve a higher hydrogen gas load and/or a 

higher concentration of helium than for the case with T equal to T , . 
a dt 

Apparently while helium recycles faster than hydrogen at the plasma edge 

(mostly due to the lack of helium charge exchange), helium takes longer to 

diffuse to the edge, due to its centrally peaked birth profile. This effect 

is not governed by the emission energy of neutral helium (here taken as 10 

eV), since a run with an emission energy of 0.3 eV gave only a 10% reduction 

in the alpha confinement time. An effect which would be expected to 

reduce T , and which has not been taken into account in the code, is the 

enhancement of transport within the q = 1 surface due to MHD activity (the 

current profile in the present runs was taken to have a fixed form because of 

uncertainties in the REB current drive model). Other variations in plasma 

transport could also influence the result, and this issue needs further 

analysis. 

Notwithstanding the issue of helium and hydrogen containment times, an 

interesting tradeoff exists between sputtering and impurity control, as shown 

in the data of Table 3-4. In going frora a pumping efficiency of 0.05 to 0.25 

(cases 3 and 1, respectively), the hydrogen flux to the limiter decreases by 

nearly a factor of two. Together with a doubling of particle energies, this 

would reduce sputtering by roughly a factor of four for low-Z materials. On 

the other hand, the rate of hydrogen removal, which scales as C/T, increases 
dt 
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by nearly a factor of three. Therefore, a higher removal efficiency reduces 

sputtering of low-Z coatings considerably but correspondingly increases the 

gas load to the pumps. 

For a medium- or high-Z limiter surface, an entirely different tradeoff 

strategy might be required. For higher Z materials it is crucial to minimize 

self-sputtering and therefore to maintain low plasma edge temperatures. Based 

on the trends found here, one way of accomplishing this would be to use a 

combination of low removal efficiency and refueling via gas puffing, both of 

which increase recycling and decrease the edge temperatures. The results are 

summarized under case 4. Possible difficulties associated with this approach 

are inadequate core refueling and an excessive hydrogen flux to the limiter. 

More work is needed to explore this subject. 

The sensitivity to the assumed impurity profile was also examined. The 

cases discussed above had a fixed impurity which was flat in the plasma and 

which dropped off in the scrapeoff region in the same manner as the 

deuterium. To assess the sensitivity of the results to the assumed impurity 

profile, runs were made with recycling and refueling as in case 2 but with 

other choices of the profile. These cases were: 

(5) e = 0.10; pellet injection; impurity profile identical to the 

deuterium profile across the entire discharge. 

(6) e = 0.10; pellet injection; Impurity profile proportional to a 
2 

Gaussian, exp[-4(r/a) ]. ^ 

In each case the impurity content was adjusted to yield the same fixed average 

electron temperature. 

For case 5, the edge conditions differ by less than 7% from those of the 

reference case 2. The power balance values are also very similar. The 

changes are somewhat more pronounced in case 6, in which the centrally peaked 

impurity profile leads to substantially less enhanced radiation. In this case 

the edge becomes about 15% hotter, the charge-exchange flux intensifies, and 

the transport power increases by 8%. These last changes do not represent 

large departures from the reference edge conditions. It appears, therefore, 

that there is some latitude in the choice of the impurity profile. 
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3.3.3 Reference Design 

Although there has been, to date, raore eraphasis on general tradeoff 

studies, an initial reference liraiter concept has been developed, to serve as 

a fraraework for studies of materials, thermal hydraulics, etc., as well as for 

plasma engineering calculations. The reference concept is a pumped limiter 

located at the torus midplane. We have subdivided the plasma edge temperature 

into three regimes denoted "high", "medium", and "low" as discussed earlier. 

The limiter design for the high temperature case is shown in Fig. 3-6 and key 

design parameters are summarized in Table 3-6. The liraiter is of the same 

general geometry as in STARFIRE but has been shaped to spread the heat flux 

uniforraly over the front surface. The limiter slot regions, between the 

leading edges and the first wall, lead through a series of vacuum ducts to 

compound cryopumps where helium and hydrogen are removed. The limiter is 

designed to remove 10% of the incident DT and He flux. For this design, the 

transport power to the limiter, and other plasma core parameters, were taken 

from the 1-D runs described above. The edge temperature and other scrapeoff 

parameters however, were taken as higher than the runs indicated, because of 

substantial uncertainties in the transport code scrapeoff model. The 

uncertainties will be exaimined in future work for DEMO. 

An important design parameter for the limiter is the particle and energy 

e-foldlng distances in the scrapeoff zone. The particle e-folding distance 

was estimated using the following equations: 

(3-1) 

where 5 is the average e-folding distance (averaged over a poloidal flux 

surface), 6 is the e-folding distance at azirauthal location ((. = if , D is the 
0 ° 

perpendicular diffusion coefficient, T is the particle flight tlrae in the 

scrapeoff region, and if is the poloidal flux function. The terms involving 

the gradient of the flux function represent the effect of non-circularity. 

For the low q DEMO design, this terra is approximately equal to 0.75 at the 
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Table 3-6. Reference Limiter Impurity Control System Parameters for High 
Edge Temperature operation. 

Parameter Unit Value 

Impurity Control Scheme 

Surface Coating 
Pumping System 
Plasma Edge Temperature 
DT Particle removal efficiency 
o particle removal efficiency 
Transport Power to Limiter 
Heat Flux on Front Surface 
(before leading edge) 
Peak heat Flux to Leading Edge 
Particle e-folding distance 
Energy e-folding Distance 
DT Particle Containment Time 
Helium Particle Containment Time 
DT Current to Limiter 
Charge Exchange Current to 

First Wall 
DT Gas Load to Vacuum Pumps 

Helium Gas Load to Vacuum Pumps 
Heliura Concentration in Plasma 

keV 

pumped limiter located at 
torus midplane 
Beryllium 
Cryopumps 
1.5 

— 
— 

MW 

MW/M2 

MW/M^ 
cm 
cm 
sec 
sec 
ions/sec 
atoms/sec 

molecules/ 
sec 
atoms/sec 
— 

0.10 
0.10 
100 

2.25 
2.33 
4.0 
2.6 
0.30 
0.60 
8.0 X 
1.0 X 

4.0 X 

3.2 X 
~ 0.08 

10 21 

10 20 
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0 2 4 6 8 10 12 14 16 18 x,cm 

Figure 3-6. A Schematic of th? Shape of the Reference Limiter 
for the High Edge Temperature Case. 
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midplane, i.e., 5 ~ .75 5 . The flight time can be expressed 

2¥Rq PQ P 
T = -^— where V is the flow velocity. For the typical choice of Bohm 

diffusion, flow at the sound speed, and for parameters R = 5.2 m, q = 2.0, and 

B = 4.8T, the midplane particle e-folding distance is: 

1/4 
S =̂  4 (T /1500 eV) , cm (3-2) 

where T = T. has been assumed for simplicity. 

Thus 5 = 4 cm for edge temperatures in the keV region, and falls 

to 6 = 2 cm at T„ = 100 eV. The value of S depends on uncertain values of p e p ^ 

diffusion coefficient and flow velocity but this is a second order (square 

root) dependence. The behavior of plasma temperature in the scrapeoff region 

is somewhat less clear. For a choice of &_, = 26 the reference energy e-
1 I -1 T p 

folding distance is 6_ = (-7— + -j—) =2.67 cm. 
L o o 

The front face of the limiter was shaped to yield a constant heat flux, 

up to the vicinity of the leading edge where the flux becomes non-uniform. In 

general, the heat flux is given by the expression: 

q exp -x/5 
m t 

, 2 

Vl + (dy/dx) 

q ( x ) = - ^ = ^ ^ (3-3) 

where x and y are the coordlantes defined in Fig. 3-5, and qj.j is a constant 

given by: 

LIM 

where P is the transport power to the limiter and R, is the limiter major TR K t- L 

radius. (The shape of the poloidal field lines does not enter into Eq. (3-3) 

because the lines are all nearly vertical at the location of the liraiter). 

For a constant heat flux q^, q(x) is set equal to q^ in Eq. (3-3), giving a 

solution as follows: 

-1 ''M "^^^F -1 ''M /''M 2 / "̂ M "'"E 

Ŝ  SEC \ ^ e ^ - SEC \^) + ^ ^ ) ' " 1 +J( TT ̂  - > 
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Table 3-7. Sensitivity of Midplane Liraiter Design to Scrapeoff Parameters 
6 = particle e-folding distance, 6 = temperature e-foldlng 
distance, S = energy e-fglding distance, x^ = location of 
leading edge midpoint, y = liraiter half-height. 

P T 

4 cm 8 

2 4 

8 16 

4 4 

2 2 

*E 

2 .67 

1.34 

5 .33 

2 . 0 

1.0 

cm 

\ 

8.0cm 

5.0 

1 2 . 5 

6 .6 

4 . 0 

MAX 
y 

51 cm 

53 

47 

52 

54 

For DEMO, the transport power to the limiter is P̂ .̂ '-l̂  = 100 MW giving a 

value of q^ = 46.6 MW/m . For the choice of a moderate heat flux of qn = 2.25 
2 

MW/m , the liraiter has the shape shown in Fig. 3-6, with a half height of 
MAX 
y = 50 cm and a leading edge centered at x^ = 7.5 cm frora the liraiter 

tip. The peak heat load on the leading edge, for this design, is actually 

very close to the value on the front face. For a plasraa with a fixed value of 

transport power, but different e-folding distances, this type of limiter 

design would have constant area, but different height and width parameters. 

The sensitivity of these parameters to changes in the scrapeoff parameters are 

shown in Table 3-7 for a variety of values of « and 6.,.. As shown, the liraiter 
, . p T ' 

Height IS insensitive to scrapeoff parameter changes but the liraiter width 

does vary. These differences do not seem to significantly affect the surface 

erosion, according to initial analysis, but raay affect the raechanlcal 
perforraance. 
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3.3.4 Limiter Sputtering Calculations 

Sputtering is probably the most critical unresolved issue for both 

limiter and divertor impurity control systems. Previous studies^^^ of the 

STARFIRE and FED limiters showed that the surface coatings are likely to grow 

with time, due to a transfer of wall sputtered material back to the limiter 

surface. However, coating growth may be as much of a problem as erosion if 

the coating becomes too thick. For DEMO, a major focus of the work on 

impurity control has been in the analysis of sputtering and redeposition. As 

mentioned in the introduction, we have begun an investigation of a broad range 

of plasma edge temperatures and materials for the first wall and limiter. To 

date, an analysis has been made for the "reference" limiter concept with a Be 

coating, at a "high" edge temperature of 1500 eV. An analysis has also been 

made for a W coated limiter at a "medium" edge temperature of 100 eV. Edge 

plasraa parameters for these cases such as heat transport power, particle flux, 

etc. were scaled from the transport code results. The resulting parameters 

are listed in Table 3-2. Additional work is planned to characterize the 

scrapeoff zone conditions and other techniques needed to obtain these edge 

temperatures. 

The analysis of sputtering was done primarily with a computer code, 

"REDEP", which attempts to model the phenomena involved in limiter and 

divertor sputtering in a tokamak. The code requires as input the 

specification of hydrogen ion flux, temperature and .density in the scrapeoff 

zone, and neutral hydrogen charge exchange flux to the first wall. The code 

first calculates the sputtering yield at each point along the limiter surface 

using the DSPUT code to compute sputtering coefficients and using a given 

sheath potential (ecfi/KTe = 3 for this study). The code than follows the 

sputtered neutral atoms ejected from the surface. A 2-D geometry is used with 

the neutrals launched at 30 different angles, corresponding to a cosine 

distribution from the normal, and at an energy given by one-half of the 

surface binding energy. For each angle, the code computes the attenuation of 

the neutral flux due to electron impact ionization along the path length. 

Ionized atoms in the scrapeoff zone tend to return to the limiter (because of 

momentum transfer with the incoming plasma and pre-sheath electric field 

acceleration) and this is followed in the code. The returning ions hit the 

limiter following a trajectory with guiding center motion along the field line 

passing through the point where the ionization occurred. (Diffusion of the 
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returning Ions can also be treated but was assumed zero for simplicity in the 

present calculations. Cross field diffusion will affect redeposition profiles 

and will be examined in the future). Near the limiter surface the returning 

ions gain energy when accelerated across the sheath. Upon impacting the 

limiter surface, the ions cause additional sputtering by the self-sputtering 

process. In addition, surface material sputtered frora the first wall can be 

ionized in the scrapeoff zone and irapinge on the limiter, and sputtering from 

this source is calculated. Finally wall sputtered, and limiter sputtered 

material, that is not ionized in the scrapeoff zone, and does not flow in the 

direction of the wall, ends up in the plasma. This material is then assumed 

to irapinge on the limiter at a rate and with a profile similar to the hydrogen 

flux, and with a charge state given by the coronal-equilibrium value. This 

causes yet raore self-sputtering. The code iterates on these effects until 

convergence is established with fixed values of (a) surface erosion or growth 

rate and (b) plasma impurity content. A necessary condition for convergence 

is that the self sputtering coefficient, for impurity atoms ionized In the 

scrapeoff zone, be less than unity over most of the liraiter surface. This 

severely restricts the range of edge teraperatures where the medium and high Z 

raaterials can operate. 

The results of this calculation for the cases mentioned are shown in Fig. 

3-7. The Be case is for the reference design shown in Fig. 3-6. The W case 

is for this same liraiter design scaled down so that the leading edge is 

centered at 5.0 era, because of the reduction in e-foldlng distances at the 

lower edge temperature. 

For the Be case, the coating is seen to grow everywhere on the limiter. 

The maxiraum growth rate is approximately 0.35 cm/yr for the DEMO at 50% duty 

factor. This level of growth is basically due to a transfer of wall sputtered 

material to the limiter. The Be concentration in the plasma is predicted to 

be 2.6% of the DT density. This penalty is judged to be acceptable. 

Lower edge temperatures would give worse performance for a Be or other 

low Z coated limiter. This performance is due to two effects: 1) the 

particle flux to the liraiter scales Inversely with teraperature since the 

transport power appears to be constant, and 2) both DT and self-sputtering 

coefficients increase for lower teraperature. 
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Figure 3-7. Predicted Limiter Redeposition Rates 
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As an example of the effect of lower edge teraperatures, a preliminary run 

was made for Tg = 500 eV. A growth rate in excess of 2 cm/yr on some 
o 

portions of the limiter is predicted. However the plasraa Be concentration was 

still an acceptable 2.8%. The converse of this is that higher edge 

temperatures would reduce surface erosion/growth from the reference value. 

Some means to achieve higher edge temperatures might be the direct heating of 

the edge region with rf heating. 

The W coated limiter results shown in Figure 3-6 are for an edge 

teraperature of 100 eV and for a limier of width 5.5 cm, corresponding to the 

smaller e-folding distances at this edge temperature. As for the Be case the 

particle fluxes, densities, etc., used for this calculation were taken from 

the transport code results, extrapolated to this teraperature. There are a 

number of critical uncertanties associated with the W calculation. For 

example electron impact ionization cross sections are almost unknown 

experlraentally and uncertain theoretical estiraates had to be used* '. The 

results however are indicative of a possible regirae where very low surface 

growth/erosion may be possible. This is due primarily to low DT sputtering 

coeffcients for W (in fact, the lowest of any possible surface material) and 

high redeposition rates. The W concentration in the plasma, for this case, is 

about .01%, an acceptable value. Essentially, all wall sputtered W is 

predicted to be deposited on the limiter due to complete ionization in the 

scrapeoff zone. Most limlter-sputtered material redeposits iraraediately but 

some does get into the plasraa. For W, plasraa edge teraperatures lower than 100 

eV would result in even less erosion. However, the edge teraperature could not 

be much higher than 100 eV if a runaway sputtering cascade is to be avoided. 

Further work is planned to exaralne the W option in detail as well as medium Z 

materials such as vanadium. 
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3.4 Vacuum System 

The vacuum system interacts directly with the impurity control system, 

since the gas loads to the vacuum pumps are determined by the plasma edge 

characteristics and the limiter design. The vacuum pumps should be capable of 

operating over a range of gas pressures down to about 1 x 10~ Pa, have a 

relatively high helium capture probability, be compatible with the fusion 

environment, and have high reliability and maintainability. Several pumping 

systems have been evaluated to determine the most suitable system for the 

STARFIRE/DEMO limiter design. 

The systems evaluated are liquid helium cryopumps, turbomolecular pumps, 

evaporable and non-evaporable getter systems, diffusion pumps, and 

differential ion pumps. A summary of the advantages and disadvantages of the 

pumping systems is shown in Table 3-8. The comparison indicates that liquid 

helium cryopumps are the preferred vacuum pumps. They have the highest helium 

capture probability, are very reliable and clean, and should be available in 

the sizes required. Since cryopumps must operate at liquid helium 

temperatures, they have strict limitations on the allowable heat input. This 

limitation means that the pumps must be placed at a reasonable distance from 

the plasraa and must be properly shielded to reduce the internal neutron 

heating. The details of the engineering requirements and analysis for the 

cryopump system are given in Section 5.4.2. 

Table 3-8. Vacuum Sysceas ConparlBon ^ 

System Advantages Disadvantages 

Turbomolecular Pumps Good to l e rance to thermal heat ing Low K and He capture p robab i l i t y 
Components susceptable to r a d i a t l o 

damafie 
Oritanlc l i qu id s required 
S i t e l l r n i t s t i o n s 

Liquid Hellun Cryopumps Highest He capture p r o b a b i l i t y (-0>2) 
High r e l i a b i l i t y 
Clean system (no orKanica) 
Avai lable in large s i z e s 

Regeneration required 
Low to le rance to thermal hes t tng 
Liquid He sys tea required 

High r a d l a t 
Clean system 
Available in l a rge s i zes 

nd thermal to l e rance Will not pump He 
Evaporable g e t t e r s requi re frequent 

filament replacement 
Hon-avaporable g e t t e r s requi re f o r e -

pumps for regenera t ion 

Diffusion Pumps Acceptable H and He cap ture p r o b a b i l i t y 
Good to le rance to thermal heat ing 

Uorklng f lu ids can produce systeoi 
contamination 

Organic components susceptable to 
r a d i a t i o n dsmage 

D i f f e r e n t i a l Ion Pumps Good to l e rance to i r r a d i a t i o n and 
thermal heat ing 

Clean system 

Low He cspture p r o b a b i l i t y 
Not regenerable 
P o t e n t i a l l y high t r i t i u m in' 
Magnetic compa t ib i l i t y 
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3.5 Materials 

3.5.1 Structural Materials 

3.5.1.1 General Considerations 

The operating conditions for limiter structural materials are severe, as 

shown in Table 3-9. Most of the conditions are similar to the conditions 

experienced by the first wall, and the requirements for limiter raaterials are 

therefore slrailar to the first wall requirements. The material should have 

adequate structural strength, it should be resistant to radiation damage, it 

should be compatible with the coolant (and coating/cladding. If used), and it 

should have low hydrogen permeability and retention. The high heat flux to 

the limiter places an additional restriction on the materials selection. In 

order to rainiraize thermal gradients and stresses, the limiter material should 

have a high thermal conductivity, a low coefficient of thermal expansion, and 

a low elastic modulus. In addition, it is desirable that the material have a 

high specific heat and raelting point to increase the safety margin during off-

normal events such as loss of coolant or disruptions. 

The high heat flux reduces the number of potential liraiter materials. In 

particular, both austenitic and ferritic stainless steels are unacceptable be

cause of their relatively poor thermophyslcal properties. 

Table 3-9. Liraiter Operating Conditions 

Surface heat flux 
Neutron wall loading 
Burn cycle 
Coolant 
Duty factor 
Particle energies 

Desired lifetime 

The classes of materials which can meet the high heat flux requirements are 

copper alloys, aluminura alloys, and refractory metal alloys, all of which have 

high thermal conductivities. Copper alloys are preferred over aluminum alloys 

because they have higher thermal conductivities and higher allowable operating 

temperatures. Several refractory metals which are capable of withstanding the 

high heat fluxes are not generally considered to be adequate structural 
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materials. The high-Z refractory metals (tungsten, tantalum, and molybdenum), 

fall into this class. Tungsten is difficult to fabricate and is prone to 

severe radiation embrlttlement. Tantalum is very expensive, has a high rate 

of transmutation to tungsten, and has a negative effect on tritium breeding. 

Molybdenum is difficult to fabricate and is also prone to severe radiation 

embrlttlement. The other candidate refractory metals are titanium, vanadium, 

niobium, and their alloys. These materials have all been considered for the 

Alloy Development for Irradiation Performance Program, and thus, a substantial 

data base exists. 

Four candidate alloys have been selected for further evaluation. They 

are AMAX-MZC (copper), V-15Cr-5Ti, FS-85 (niobium), and Ti-6242. AMAX-MZC is 

a commercial copper alloy which combines high strength with a high thermal 

conductivity^ ' . The high strength results from cold working plus a thermal 

aging process. The vanadium alloy was originally developed for the fast 

breeder reactor program, and it combines high temperature strength with 

excellent resistance to radiation damage. The niobium alloy has good high 

temperature strength and favorable thermophyslcal properties. Ti-6242 is a 

commercial titanium alloy which has adequate thermophyslcal characteristics. 

A summary of the major advantages and disadvantages of the candidate alloys is 

given in Table 3-10. In the following sections, the major concerns for each 

material will be discussed in detail. A reference and a backup material will 

then be selected. ^ 

3.5.1.2 Thermophyslcal Properties 

The thermophyslcal properties at room temperature and 773 K of the 

candidate alloys are shown in Table 3-11'' ' . The copper alloy has the 

highest thermal conductivity and would be expected to exhibit the lowest 

operating temperatures. It also has the lowest melting point, and thus has 

the lowest permissible operating temperatures. Ti-6242 has the lowest thermal 

conductivity and would be expected to exhibit the highest operating 

temperatures. 

3.5.1.3 Tensile Properties 

The tensile properties of the candidate limiter materials are shown in 

Table 2-12^ ' ' ' . Also shown is the calculated thermal stress parameter 

which combines the material strength and the thermophyslcal properties and 
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Table 3-10. Structural Material Comparisons 

Alloy 

Copper 
(AMAX-MZC) 

Advantages 

Excellent thermophyslcal 
properties 

Coraraercial availability 

Fabricabllity 

Disadvantages 

Operating teraperature limited 
to ~ 3OO0c 

Potentially large radiation 
effects 

Not compatible with liquid 
metals 

Good tritium barrier 

Titanium 
(Ti6242) 

Commercial availability 

Fabricabllity 

High tritium retention 

Relatively poor thermo
physlcal properties 

Vanadium 
(V-15Cr-5Ti) 

Excellent resistance to 
radiation damage 

Not commercially available 

Compatible with liquid 
metals 

High oxidation rates if 
exposed to air 

High teraperature capa
bility 

Potentially difficult 
fabrication 

Low activation High tritium permeability 

Potentially high HjO 
corrosion at T > 100°C 

Niobium 
(FS-85) 

Good thermophyslcal 
properties 

High activation 

Compatible with liquid 
metals 

High teraperature capa
bility 

High oxidation rates if 
exposed to air 

High tritiura permeability 

Potentially difficult fabrication 

Potentially high HjO corrosion 
at T > 100°C 
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Table 3-U. Thermophyslcal Properties of Candidate Limiter Materials 

Jenslty Thermal Co 
Kg/m' W/m K 

Melting Density Thermal Cond. Thermal Kxp. Elastlc^Mod. Specific Polssons 
n-̂ -t- Vo/m^ W/m K X iU^/R. 

AMAX-MZC 

V-15Cr-5Tl 

FS-85 

TI-6242 

1356 

2161 

2743 

1923 

300 K 

8930 

6160 

10,600 

4500 

300 K 

320 

24 

45 

7.2 

773 K 

300 

28 

48 

12 

300 K 

16.7 

9.3 

5.6 

7.2 

773 K 

20.4 

10.4 

7.1 

9.5 

300 K 

137 

124 

140 

115 

773 K 

75 

117 

135 

85 

300 K 

392 

475 

215 

465 

773 K 

435 

572 

230 

725 

.34 

.36 

.38 

.32 



and which indicates the relative heat load capability of the materials. The 

superiority of AMAX-MZC is clearly evident. The niobium alloy follows and the 

vanadium and titanium alloy have roughly equivalent thermal stress 

parameters. The relatively high thermal stress parameter of Ti-6242 is due to 

its high strength compared with the other raaterials. All four of these alloys 

appear to be capable of withstanding a heat flux of ~ 2 MW/m^ •'. 

Table 3-12. Tensile Properties of Candidate Limiter Materials. 

.02% YS UTS Elongation Thermal Stress* 

MPA MPa % Parameter 

Material x lO"* 

300 K 773 K 300 K 773 K 300 K 773 K 300 K 773 K 

AMAX-MZC 47 5 

V-15CR-5Ti 507 

FS-85 485 

Ti-6242 950 

401'' 

350 

375 

600 

551 

600 

600 

1025 

416^' 

510 

380 

775 

12 

26 

23 

11 

gb 

14.5 

18 

10.5 

4.38 

.675 

1.72 

.561 

5.19'' 

.315 

1.16 

.480 

a 0.2% YS X (1 - v) X k 

E X a 

'' 663 K 

3.5.1.4 Irradiation Effects 

Neutron irradiation is known to induce swelling, accelerate creep, alter 

the strength, decrease the ductility, and produce compositional changes in 

structural materials. All of these changes can potentially affect the heat 

load capability and lifetime of the liraiter materials. Unfortunately, the in

formation available on irradiation effects on the candidate alloys is sparse. 

The next few paragraphs will focus on radiation swelling and embrlttlement. 
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Swelling in metals is caused by the segregation of radiation produced 

vacancies into voids during irradiation at temperatures from 0.3 to 0.5 of the 

absolute melting temperature, T̂ ^̂. Several factors, including temperature, 

neutron flux, total neutron fluence, helium generation rate, cold work, grain 

size, and precipitate structure can influence the amount of swelling. Pure 

copper exhibits a peak swelling at ~ 325-C (0.44 T^) and the rate of swelling 

is high (~ 1%/dpa) . Alloying the copper can reduce the observed 

swelling , but it is not known what, if any, reduction in swelling will be 

observed in AMAX-MZC. Pure niobium and vanadium exhibit swelling peaks 

at ~ 600''C (0.32 T^) and 550°C (0.38 T^), respectively^'°'1^). The observed 

peak swelling rates are considerably below that of pure copper. Alloying can 

significantly reduce the swelling in refractory metals. In the case of V-

20Ti, no swelling has been observed up to a fast fluence of 8.4 x 10^^ n/cm^ 

( ~ 42 dpa) and between temperatures of 470 and 780°C^ ̂ '^'^^''^\ Addition of 

molybdenum, vanadium, titanium, zirconium, and hafnium have been shown to 

reduce void swelling in niobium^ •'. Irradiation of Nb-Zr to a fast fluence 

of 5.4 X 10 m/cm at 650°C resulted in practically no swelling^'^\ 

Swelling of this alloy has been observed at temperatures between 700 and 
o (21) 

900 C . Titanium alloys have recently been irradiated with heavy ions and 

neutrons. Ion irradiation of Ti-6A1-4V and Ti-14.4 a/o Al have resulted in 

void production at 670°C. No voids have been observed at temperatures below 
o (22 23) 

630 C ' . Voids have been observed in Ti-6242S .irradiated with neutrons 

to ~ 31 dpa at 550°C, but the total swelling was low . In summary for the 

low anticipated limiter operating temperatures only AMAX-MZC might be expected 

to exhibit significant void swelling. Swelling in refractory metals is 

generally low and has not been observed at temperatures < 500°C. 

Neutron irradiation is known to reduce the ductility of metals. Since 

the limiter is designed to operate in the elastic range, residual ductility is 

only necessary to prevent catastrophic failure during an off-normal event. 

The amount of ductility required will depend upon the severity of the event, 

and cannot be realistically estimated at this time. Unfortunately, there is 

only a limited amount of data on the materials of interest. The irradiation 

data for copper is restricted to low fluences (< 1 dpa), but there are indica

tions that neutron irradiation can severely embrittle cold-worked copper 

(25) 
Vanadium alloys appear to retain the greatest amount of ductility. V-

20Ti shows only a relatively small decrease in uniform elongation, from 15% to 
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~ 10% after EBR-II irradiation at 525°C to a neutron fluence of 

2.5 x lO-**̂  n/râ  (E > 0.1 MEV). Low fluence irradiations of V-15Ti-7.5Cr at 

600°C resulted in an increase in the uniform elongation^ ' . Pure niobium 

retains " 5% uniform elongation at temperatures frora 400 to 600°C after 

irradiation at 450°C to a fluence of 3.7 x 10̂ *̂  n/râ  (E > 0.1 MEV)^^^^. Nb-

IZr however, retains alraost no unlforra ductility under the sarae conditions. 

Recently, Ti-6242S, which was irradiated at - SSO^C to a daraage level of 24 

dpa, has been tensile tested. Little change in ductility was observed at 

400°C, but there was a 75% decrease (to 3.3%) in the total elongation at 500°C 

('•'>, Additional experimental effort is required to adequately deterralne the 

influence of radiation on these materials. 

3.5.1.5 Compatability 

Corapatlbility of the limiter materials with the reactor environment is 

also a concern. The limiter must be corapatible with the water coolant as well 

as the deuterium and tritium from the plasraa. The corrosion rate of the 

materials will depend upon the temperature, coolant flow rate, alloy composi

tion, and water cheralstry. Since the water outlet teraperature is < lOO'c , 

corrosion is expected to be low. The refractory metals are generally more 

reactive to water than copper, but the corrosion rates should remain within 

acceptable limits. Additional work is needed to determine the best coolant 

chemistry to minimize corrosion. 

Protium, deuterium and tritium introduced into the limiter materials are 

a concern because of the potential for hydrogen embrittleraent and increasing 

the tritium inventory in the limiter structure and coolant. Copper and copper 

alloys can become embrittled by hydrogen if there is a significant amount of 

oxygen dissolved in the metal^ '. Reduction of the oxygen concentration to 

low levels should eliminate this concern, however. The other candidate 

materials are susceptible to hydrogen embrlttlement due to the formation of a 

brittle hydride phase at low teraperatures. Both vanadium and niobium have 

high hydrogen solubilities (~ 10 a/o at lOO^C ) ^ ^ \ and thus it is unlikely 

that hydrides would form during reactor operation. Titanium alloys have a 

much lower solubility for hydrogen, and hydrides may be present at 

temperatures < 150°C. The solid solution solubility of o-titanium is only 0.1 

a/o at room teraperature^ . Therefore, there Is a concern that titanium 

alloys could easily be embrittled by hydrogen. The penetration of tritium 
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into the coolant is dependent upon the permeability of the structural 

material. Copper has a low hydrogen permeability and refractory metals have 

high hydrogen permeabilities, giving copper a significant safety advantage. 

The candidate refractory metals may, in some cases, be unacceptable with water 

coolant because of rapid tritium permeation into the coolant. 

In summary, the copper alloy, AMAX-MZC, offers significant advantages in 

terms of thermal gradients and stresses, fabricabllity and availability, and 

hydrogen embrlttlement and permeation. The primary uncertainty is the 

response of this material to an irradiation environment. The vanadium alloy, 

V-15Cr-5Ti is considered the first choice of the refractory metals due to its 

superior resistance to radiation damage. High hydrogen permeability is a 

concern for all refractory metals. AMAX-MZC is, therefore, proposed as the 

reference material. It is strongly recommended that irradiation experiments 

be performed in the near future to determine if AMAX-MZC has acceptable 

properties at high neutron fluences. 

3.5.2 Low-Z Materials 

At high plasma edge temperatures, low-Z materials provide the most 

suitable surface material for the first wall and liraiter. Relatively high 

concentrations of a low-Z material can be tolerated within the plasma, and the 

self-sputtering coefficient of low-Z particles striking the limiter is always 

less than unity. Three raaterials. Be, B, and C, have been considered for 

limiter applications. None of these materials have the mechanical properties 

required for a structural material, and therefore they will have to be bonded 

to a standard structural material. This section will briefly discuss the 

properties of low-Z materials and recommend a reference material. 

The thermophyslcal properties of the three materials are shown in Table 

3-13^ ' ' . It is desirable that the material has a high thermal conductivity 

to reduce the thermal gradients and stresses. In addition, it is desirable to 

have a high specific heat, a high melting point, and a high heat of 
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Table 3-13. Thermophyslcal Properties of Low-Z Materials. 

Material 

Be 

B 

C 

* 
Th. Exp. 

X 10-6 /K 

16 

5 .5 

4 . 5 

* 
Th. Cond. 

W/m K 

100 

15 

104 

Sp . Heat 

J/Kg K 

2250 

2090 

1880 

MP 

K 

1557 

2573 

BP 

K_ 

3243 

2823^^) 

4000^^) 

Heat , 
of Vap.** 

Ill ^ 

24,790**' 

46,740 

59,356 

500°C 

vaporization in order to rainiraize the effects of plasma disruptions. The 

thermal expansion coefficient should match that of the structural material as 

closely as possible to rainiraize the differential expansion between 

materials. Carbon and beryllium both have high thermal conductivities. 

Carbon also has a low coefficient of thermal expansion which gives it an 

excellent thermal shock resistance. The thermal expansion coefficient of 

beryllium most closely matches that of most structural raetals. The low 

thermal conductivity of boron will result in a high thermal gradient through 

the material. 

The reactor environment is expected to have a large effect on low-Z 

materials. Neutron irradiation will produce large quantities of hydrogen 

and/or heliura in all three materials. In order to accommodate the resultant 

gas swelling, the material should be fabricated with ~ 30% porosity. The 

porosity will decrease the thermal conductivity and reduce the mechanical 

strength. Neutron Irradiation will also produce lattice displacement 

daraage. In the case of graphite, the therraal conductivity is reduced 

to ~ 30 W/ra K, the strength decreases, and the raaterial shows high swelling 

rates at radiation levels equivalent to 1-2 Wil-y/m^ (29) _ Chemical sputtering 

is also a concern for carbon and boron, since both materials are known to 

chemically react with hydrogen at teraperatures which may be achieved during 

reactor operation. Beryllium has a lower hydrogen solubility and permeability 

than the other materials, and it will provide a superior barrier to tritium 

permeation. 
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There is still only a limited data base for the low-Z materials which 

makes the selection of a reference material difficult. Beryllium is 

tentatively selected as the reference material based upon its relatively good 

thermophyslcal properties, its low hydrogen permeability, and the expected 

lack of chemical sputtering. 

3.5.3 High Z Materials 

High-Z materials offer potential advantages as the material facing the 

plasma edge temperatures of ~ 100 eV . First, the sputtering of the first 

wall will be low compared with other materials, and the first wall thickness 

can be considerably reduced. Second, several hlgh-Z materials have high 

thermal conductivities and high melting points which will reduce the impact of 

disruptions. The two high-Z raaterials that have been considered are tantalum 

and tungsten. The sputtering characteristics of the two materials are 

similar. For INTOR like conditions, the calculated sputtering rate of the 

first wall is only ~ 0.1 mm/y at a 50% duty factor. The buildup rate on the 

limiter is ~ 1 mm/y. Tungsten has superior thermophyslcal properties (see 

Table 3-14), and is raore likely to survive intact during a disruption. 

Tungsten has therefore been selected as the reference material for the 

limiter/first wall coating for plasma edge temperatures of ~ 100 eV. 

Table 3-14. Thermophyslcal Properties of Tungsten and Tantalum at 500°C. 

Material 

Ta 

W 

3.5.4 Redf ?pos 

Th. Exp. 
xlO-6/K 

6.7 

4.4 

lited Material 

Sp. Heat 
J/Kg K 

150 

160 

Th. Cond. 
W/m K 

54 

90 

Melt ing Point 
K 

3270 

3650 

Plasma-wall interaction models predict that raaterial that is sputtered 

from the first wall will be directed to the liraiter. Along with the wall 

particles, a high flux of energetic plasma particles will also strike the 

limiter. The interactions of the incoming particles with the limiter surface 

represent a complex set of phenomena. The incoming particles may be reflected 

from the surface, become trapped within a thin surface layer, produce lattice 

displacement damage, or sputter additional particles from the limiter. As 
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long as the sputtering coefficient of the Incoming first wall particles is 

less than unity, there will he a buildup of material at some locations on the 

limiter surface. For STARFIRE/DEMO like conditions, the buildup rate for low-Z 

raaterials is predicted to be ~ 10 mm/y and the buildup rate for high-Z 

materials is predicted to be ~ 1 mm/y. The structure and properties of this 

redeposited raaterial is likely to be quite different from the original 

material, as will be described below. 

Helium, deuterium and tritium particles have been observed to become 

trapped in metals when they are injected at energies typical of plasma edge 
f30—32) conditions . As the total dose of particles increases, the trapping 

will reach a saturation level. This level depends upon the Incoming particle 

energy, the type of raaterial being bombarded, and the material temperature. 

The saturation level corresponds to the point where gas bubbles have formed 

and have produced interconnected pathways to the surface, allowing the 

injected gas to escape. The important materials properties that determine the 

degree of trapping are the gas solubility and perraeability. Helium has 

essentially zero solubility in raetals, and has a low permeability because it 

is easily trapped at lattice defect sites. Therefore, injected heliura is 

easily trapped in raetals. Hydrogen solubility and perraeability varies sig

nificantly from one material to another, and these properties usually have a 

large temperature dependence. In addition, some metals, like titanium, 

vanadium, or niobium, form stable hydrides, so when the solubility Is 

exceeded, the hydrogen will become trapped as a hydride. The hydrogen can be 

released only when the temperature is increased to the point where the 

hydrides are unstable and dissolve. The differences in trapping between 

heliura and hydrogen Iraply that sorae raaterials will trap both species, and 

other materials will trap helium alone. 

Trapping of hydrogen and heliura has been studied in several raaterials 

over a range of teraperatures. Deuterium trapping and release has been 

investigated for 304 stainless steel, Inconel 625, TZM, and Ti-6A1-4V^''''\ 

For particle energies of 3.3 KeV, ~ 20% of the incident particles were 

directly reflected. The trapping of deuterlura in 304 stainless steel, Inconel 

625, and TZM was relatively low and decreased rapidly with temperature. The 

trapping coefficient for these materials Implanted at room teraperature ranged 

from lOr-l to 10-2 ̂  ^^^ ^^^ trapping coefficient dropped by approxiraately an 
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order of magnitude when the implantation teraperature was raised to 450-500 

K. Ti-6A1-4V, on the other hand had a trapping coefficient of unity for 

implantation temperatures up to 675 K, due to the formation of hydrides. The 

trapping coefficient dropped to ~ 0.5 at 775 K. The low Z raaterials, TIC, 

TiB2, VBj, B^, B, Si, and graphite have been bombarded with hydrogen and 

deuterium at room temperature, and the saturation concentration of retained 

gas atoms to host lattice atoms has been calculated^ ^ . The saturation 

concentrations varied from 16% in VB2 and TiB2 to ~ 50% in graphite. Si, B, 

and B^. The teraperature range for hydrogen release in these materials is 100-

500°C. Helium trapping in Ni and Be has been studied with and without 
('331 

coinjection of hydrogen'- •'. Both materials trapped helium alone at injection 

temperatures of 300 and 675 K. When hydrogen was co-injected with helium, the 

helium trapping was relatively unaffected in Ni but was significantly reduced 

in Be. The reduced trapping in Be was attributed to the much lower 

diffusivity and solubility of hydrogen in Be compared with Ni. At high 

particle injection rates, the hydrogen would be expected to compete for 

trapping sites in Be, but would be expected to simply diffuse out of the Ni. 

The structure of metals that contain trapped helium has been 

investigated. The effect of helium on the microstructure of Ni at room tem

perature has been studied as a function of dose . For a dose level of 

lO^^/m^, defect clusters, and dislocation loops and tangles have been ob

served. At higher dose levels, helium bubble lattices are observed which are 

preferentially aligned along crystal planes. At very high doses, the bubbles 

are observed to coalesce and form into channels to the surface. As the 

implantation temperatures were raised, the bubbles became more randomly 

distributed and grew to larger sizes. At doses of lO^^/mZ the calculated 

swelling was 29%. Helium bubble lattices have also been observed in copper, 
/ o c \ 

321 stainless steel, and titanium^ ' . Calculations indicate that most of the 

helium is retained in the lattice and not within the bubbles. 

The results of the hydrogen and helium trapping experiments have several 

implications for the redeposited materials on the limiter. First, bubble for

mation will result in swelling of the materials. At high dose rates, the 

swelling can approach 30%. Second, as more material is deposited, helium, 

along with deuterium and tritiura, can become trapped. If the tritium is 

permanently trapped, the redeposited layer could have a high tritium 

inventory. Third, the materials properties are likely to be substantially 
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different from the original raaterial. The swelling will result in a lower -i [ 

thermal conductivity, and the lattice daraage will result in altered mechanical " 

strength. At this time there is insufficient inforraation to make accurate :* 

predictions. Since the implications on limiter operation are significant, p:.: 

additional experimental effort in this area is recommended. ^ 
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3.5.5 Tritium Inventory and Migration 

Tritiura inventory and migration in the limiter have safety implications 

for the reactor operation, particularly if water coolant is used. The 

magnitude of the inventory and migration rates have been computed for several 

material combinations. The input parameters used for the calculations are: 
2 

Surface area 40 m 

Thickness 1 mm (single materials) 

2 mm (dual materials) 

Average Temperature 300°C (V, Cu) 

700°C (Be, W) 

Tritium Pressure 0.4 Pa 

Under these conditions the amount of tritium dissolved in the wall is 

negligible for beryllium and tungsten, is ~ 0.01 mg for copper and about 10 g 

for vanadium. If the average temperature were lower, the tritium solubility 

in vanadium would increase for a given pressure. 

The migration rates were calculated using both the Hickman model and a 

standard permeation model. These models are described in detail in Section 

4.2.3. The steady state migration rates are shown in Table 3-15. I'fhen 

tritium is injected Into the candidate materials, the ralgration rate into the 

coolant for 100% dense material predicted to be very high (about 1 kg/d). The 

migration rate for berylliura is high because it is a low Z raaterial and the 

ions can penetrate to a greater depth. However, th^ material on the surface 

of the limiter is expected to be porous as described in the previous 

section. Because of the low effective path length, tritium can easily migrate 

back to the plasraa and migration through the wall is driven by simple 

permeation. Therefore, a permeation model should more realistically represent 

migration through porous raaterials. As shown in Table 3-15, the permeation 

model predicts greatly reduced tritium migration rates, although the rate for 

vanadium is still high. The presence of an oxide layer is needed to further 

reduce the migration rates. The permeation model has also been used to 

predict migration rates in dual raaterial structures. The predicted rates are 

low. 

The calculations Indicate that copper has a significant advantage over 

vanadium in terms of tritium solubility. If simple permeation controls 

migration, then both the beryllium or tungsten coated structures appear to be 

acceptable. 
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T a b l e 3 - 1 5 . T r i t i u r a M i g r a t i o n in L i r a i t e r 

Model M a t e r i a l Temp. ( °C) C i / d g /d 

Hickraan^ 

Hickraan 

Hickraan 

Hickraan 

perraeation 

perraeation 

perraeation 

perraeation 

perraeation 

permeation 

perraeation 

permeation 

permeation 

perraeation 

V 

Cu 

Be 

W 

V 

V 
(with 

Cu 

Cu 
(with 

Be 

W 

Be/Cu 

Be/V 

W/Cu 

W/V 

oxide) 

oxide) 

300 

300 

300 

300 

700 

700 

700/300 

700/300 

700/300 

700/300 

9.6 

9.6 

9.6 

9.6 

7 X 

700 

15 

1.5 

2 

5 

1.5 

2 

1.5 

5 

X 10' 

X lo' 

X lo' 

X lo' 

105 

10^ 

103 

105 

103 

73 

0 .07 

1.6 X 10 

1.6 X 10" 

2 . 1 X 1 0 " 

5.2 X 10 

1.6 X 10 

2 . 1 X 1 0 " 

1 . 6 X 1 0 " 

5.2 X 10 

-3 

-4 

,-4 

-4 

Hickraan raodel i s t e r a p e r a t u r e i n d e p e n d e n t . 
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3.6 Thermal Hydraul ics 

3.6.1 Introduction 

Thermal hydraulic calculations have been performed for the leading edge 

of the liraiter using a variety of material combinations and different 

coating/cladding thicknesses. The assumed operating conditions are shown in 

Table 3-16 along with the materials that were examined. As a starting point, 

the STARFIRE limiter geometry has been used,^^ but the addition of the 

coating/cladding has been included in the calculations. The purpose of this 

effort is first to determine if the temperature of the materials remain in an 

acceptable range during operation, and second to provide the required input 

for the thermal stress evaluation presented in the following section. 

The leading edge is a half cylinder with a diameter of 19 rara including a 
2 

1 ram coating. As shown in Fig. 3-S, the heat flux is assumed to be 2.3 MW/m 

and is uniformly distributed around the circumfrence. The temperatures were 

calculated using a 2-D raodel as shown in Fig. 3-8. Although the results are 

practically one-dimensional, the 2-D model was employed since it can easily be 

adopted to perform calculations for non-uniforra heat flux cases in the 
/ T £ \ 

future. The thermal-hydraulic computer code used is THTB^ ' . This code is 

capable of performing three-dimensional, transient, heat transfer calculations 

for various geometries. 

The results presented are for steady-state con<Jitions. The leading edge 

is the most critical area of the limiter since it receives the highest heat 

flux. To be conservative, conduction between the leading edge and the rest of 

the limiter structure will be neglected. The parameters varied are listed in 

Table 3-17. The nomenclature used for the various parameters is listed in 

Table 3-18. 

3.6.2 Results 

The results are presented in the following manner. First, the 

teraperature distributions in the coating and the strutural material are 

presented for a selected value for each parameter shown in Table 3-19. Values 

given in Table 3-11 represent the most reasonable estimates of these 

parameters and therefore will be refered to as the reference conditions. The 

second part of this section are the results of sensitivity calculations 

obtained by varying the parameters shown in Table 3-17 with a specific 
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cladding structure cooianf structure 3mm 4mm 1.5mm 

1 
imm 

MV^ 
'co 'ci 'so 'si 

Figure 3-8. Geometry and Dimensions of the Leading Edge of 
the Limiter. 
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Table 3-16. Assumed Operating Conditions for the Umiter Thermal Hydraulics 

coolant: 
MPa 

bullc nuclear heating for 
coating and structural 
materials, and coolant; 

coating 
material: 

2.3 MW/m^, uniform over the circumference. 

pressurized water at approximately 2.07 MPa 
(300 psla), coolant entering the leading 

edge at 90''C with a velocity of 8 m/s. 

10 MW/m^ 

R ( U same as STARFIRE^^\ see Fig. 1. 

Beryllium (Be), Boron (B), and Tungsten (W) 

structural 
material: AMAX-MZC (copper alloy), V-15 Cr-5 Ti 

(Vanadium alloy), Ti-ft242 (Titanium alloy), 
and FS-85 (Nlohiura alloy) 

Table 3-17. Parameters Varied for Thermal Hydraulics Calculations 

Parameters Range 

coating thickness (mm) 1 - 1 0 

heat transfer coefficient (h) between 

coolant and structural material 

(W/m^ - K) 22700 - 34050 

contact coefficient (h ) between 

coating and structural materials 

(W/m^ - K) 8512 - 17025 

coating material density 

(p/p„) 

coolant temperature rise (°C) 

0.7 - 1.0 

5 - 1 5 
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Table 3-18. Nomenclature 

SI 

- heat transfer coefficient between fluid and structure. 

" contact coefficient of heat transfer between coating and 

structural material. 

• temperature on the outer surface of the coating material. 

= temperature on the inner surface of the coating material.' 

" temperature on the outer surface of the structural material. 

= teraperature on the inner surface of the structural material. 

" '•'co " '''ci" 

" •''so " ''si 

= actual density of the coating material. 

- nominal (reference) density of the coating material. 

Table 3-19. Reference Conditions for the Results Shown In Table 3-20. 

Value 

coating thickness (mm) 

structural material thickness (mm) 

h (W/m^ - K) 

(Btu/hr - ft^ - °F) 

\ (W/m̂  - K) 

(Btu/hr - ft^ - °F) 

coating density (p/p-,) 

coolant temperature rise C C ) 

1 

1.5 

29375 

5000 

17025 

3000 

1.0 

5 
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combination of coating-structure material (e.g., Berylium-copper alloy). The 

uncertainties caused by the variations of these parameters on the temperature 

distribution can then be assessed. 

The temperature distributions in the coatings and the structure materials 

for the reference conditions are shown in Table 3-20. The temperatures of the 

coating and the structural materials shown in Table 3-20 are well below the 

melting point of the respective materials. The temperature of Ti-6242 of 

about 530°C appears to be slightly above the allowable temperature range for 

this material, however. The temperature gradients (TQQ - T̂ ^̂  and TgQ - Tgj^) 

are proportional to the thermal stresses in the material. For all the 

structural materials evaluated in Table 4, AMAX-MZC has the lowest temperature 

gradient (about 6.7°C/mm) followed by FS-85 (about 40°C/mm), V-I5Cr-5Ti (about 

65°C/mm), and Ti-6242 (about 164°C/mm). The gradients are the result of 

differences in thermal conductivities for these alloys. For the cladding 

materials evaluated. Table 3-20 indicates that beryllium has the lowest 

temperature gradient (about 13°C/mm), followed by tungsten (about 17°C/mm) and 

boron (about 106°C/mm). Thus, copper and niobium alloys are the preferred 

structural material; and beryllium and tungsten are the preferred material for 

coating. 

During the lifetime of the limiter, it is anticipated that some cladding 

material will be eroded from the first wall and deposited on the limiter. The 

thickness of the coating material will gradually it^crease with time. It is 

estimated that a thickness up to 10 mm coating material may be deposited on 

the liraiter during its lifetime. Table 3-21 show the results of calculated 

temperature distribution in the coating and structural materials assuming that 

the thickness of the coating raaterial equals 10 mm. The results in Table 3-21 

indicate that the increase in coating thickness to 10 mm significantly 

increased the temperature of both the coating and the structural materials. 

The copper temperature is above allowable limits, and the berrylium 

temperature on the vanadium cladding is close to the melting point. A 10 ram 

deposit of beryllum on the limiter is, therefore, not considered feasible for 

the assumed conditions. The increased temperature is due primarily to the 

limiter geometry. The radius of the leading edge is effectively doubled by 

increasing the coating thickness to 10 mm. Since the surface heat flux 

remains constant, the total heat load to the leading edge is doubled. The 

effect of additional nuclear heating in the 10 mm coating is relatively 
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Table 3-20. Teraperature Distributions in Cladding & Structural Materials ("C) 

Plasma 
Edge 

Temp. Coating-Structure 

High Be 
Be 
Be 
Be 
B 
B 

- Cu 
- V 
- Tl 
- Nb 
- Cu 
- V 

Alloy 
Alloy 
Alloy 
Alloy 
Alloy 
Alloy 

392 
527 
756 
471 
496 
655 

380 
514 
740 
458 
401 
539 

220 
334 
531 
286 
220 
335 

211 
236 
285 
225 
211 
237 

W - Cu Alloy 
W - V Alloy 
W - Tl Alloy 
W - Nb Alloy 

398 
532 
758 
476 

381 
515 
740 
459 

220 
334 
531 
286 

211 
237 
285 
225 

Cu 
V 
Tl 
Nb 

Alloy 
Alloy 
Alloy 
Alloy 

207 
320 
515 
272 

197 
209 
232 
204 

No coating material. 

Table 3-21. Teraperature Distributions in Coating and Structural Materials 
with the Thickness of Coating Material Increased to 10 mm. 

coating - structure 
'CO 'CI 

Be - Cu 

Be - V 

984 

1262 

706 

960 

344 

552 

326 

372 
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minor. The temperature gradient in both the coating (about 28°C/mra) and the 

structural material (about 12°C/mm for copper alloy and 120°C/mm for Vanadium 

alloy) are also doubled compared to the corresponding cases with 1 mm thick 

coating. The increased temperature gradient will adversely affect the thermal 

stresses in the structure. It is important to note that these results are 

considered conservative, because the leading edge will actually receive less 

heat energy than has been assumed. The heat flux will drop off rapidly with 

distance from the plasma such that only a small portion of the leading edge 
2 

will receive the maximum flux of 2.3 MW/m . In addition, several design 

changes, such as placing the leading edge further from the plasma, will also 

reduce the heat flux. The influence of a non-uniform heat flux is presently 

being investigated. 

The previous results are based on a given set of parameters, such as h, 

h , coolant AT, and beryllium density. Sensitivity calculations have been 

made to determine the influence of these parameters on the temperature of the 

leading edge. The combination of the coating and structural materials used 

for the sensitivity calculations are beryllium (1 mm) and AMAX-MZC (1.5 mm). 

The difference in temperature between the coating and structure interface is 

inversely proportional to h . For a value of h = 8500 W/m K, the teraperature 

difference is 314°C, whereas for a value of ĥ , = 17,000 W/ra K, the temperature 

difference is 157°C. This temperature difference should be minimized in order 

to reduce the differential thermal expansion between the coating and 

substrate, and thus a high value of h is desirable. Additional information 

of the effect of h on operating temperatures is given in Sec. 4.3. 

Similarly, the difference in teraperature between the water and copper alloy 
2 

interface is inversely proportional to h. For h = 23,000 W/m K, the 
2 

temperature difference is 158°C, and for h = 34,000 W/m K the teraperature 

difference is reduced to 111°C. The thermal gradients through the leading 

edge are relatively uneffected by the changes in these two parameters. 

Reducing the density of the beryllium coating will increase the teraperature 

gradient. The teraperature gradient for 100% dense Be is 12.7 K/mm, and the 

gradient for 70% dense Be is 21.1 K/mm. The influence on these teraperature 

variations on the thermal stresses can be significant, and they will be 

examined in more detail. 
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Ongoing work includes evaluation of some other candidate coating 

raaterials (such as graphite) for the liraiter and the effect of coating 

thickness (between 1 to 5 mm) on the teraperature of the structure. Future 

effort will be directed towards studying the response of the cladding and 

structural materials under non-uniform heat flux and transient conditions. 
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3.7 Stress Analysis 

The limiter is a critical component of the reactor and, consequently, a 

high degree of reliability is required. One aspect of assuring reliability is 

to show that the maximum stresses under normal operating conditions are below 

the allowable design stress for that temperature. In this section we compute, 

by means of prudent engineering assumptions and elementary calculations, the 

maximum stress and compare this stress with the allowable design stress. This 

provides a measure of the adequacy of the design and provides some guidance 

for more sophisticated numerical analysis. 
2 

Under steady-state conditions the maximum heat load (2.3 MW/m ) occurs at 

the leading edge of the limiter. The approach adopted is to superimpose 

stresses due to three loading conditions. The first case is the membrane 

solution for internal pressure (1.4 MPa) which is low. Secondly, the stresses 

due to the radial thermal gradient are computed on the basis of a generalized 

plane strain analysis. Thirdly, the stresses due to the end constraints on 

the cylinder are computed on the basis of a thin shell theory. The purpose of 

this analysis is to compile the maximum stresses in the leading edge and then 

compare them with the stress allowables. 

3.7.1 Requirements 

The allowable design stresses and failure are basically the same for the 

limiter as for the first-wall/blanket components. Several design codes 

already exist which consider the allowable component stresses for various 

stress classifications, including primary stresses, secondary stresses due to 

sustained loads and temperature gradients, and peak stresses. The design code 

used for stress analysis of reactor components is ASME Code Case N-47 for 

Class 1 components in elevated teraperature service, and it will be used here 

as a starting point for the stress analysis in the limiter. Code Case N-47 is 

intended to cover a wide variety of design configurations and service 

conditions, and the design criteria are therefore usually quite 

conservative. Since different stress classifications have different degrees 

of significance, the code assigns a different allowable stress for each 

classification. The allowable stresses are given in terms of the stress 

intensity, S ^, which is calculated from the tensile and creep properties of 

the structural materials. At lower temperatures, the value of Ŝ^̂^ is either 

two-thirds of tensile yield or one-third of ultimate stress, and at high 
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teraperatures, S ^ is the stress necessary to produce a given amount of thermal 

creep during the expected component lifetime. In the case of the reference 

liraiter materials, S > is one-third of the ultimate stress for the normal 

operating temperatures. Code Case N-47 llraits the primary mean stress (P.,), 

i.e., coolant stress, to a value of S^^, and it limits the combined primary 

mean stress plus the primary local raerabrane stress (P^ + PR) to a value of 1.5 

S ^. The combined priraary local membrane plus bending plus secondary stress 

(Pĵ  + Pj + Q) is limited to 3 S^^. 

Radiation effects are not considered in the present analysis. Since the 

STARFIRE/DEMO is basically a steady state machine, fatigue and interaction of 

creep-fatigue are assumed not to limit the life of the limiter. It is hoped 

that by comparing the elastically coraputed maximum stress intensities with the 

allowables, the present approach will identify the substrate-coating 

combinations that are likely to produce accpetable designs. 

3.7.2 Stress Analysis Model 

The basic configuration of the leading edge of the limiter is shown in 

Fig. 3-9. Since the outer wall forms a 180-degree segment, a reasonable model 

for determining the effects of pressure and temperature on wall stresses is to 

use the cylindrical raodel also shown in Fig. 3-8. The end of the cylinder, 

which correspond to the edges of a typical cooling channel, constrain the 

cylindrical wall frora expanding axially as well as radially when the wall is 

subjected to a uniform axial and radial growth due to pressure, p, and 

temperature T. Although the radius to thickness ratio of the cylinder is 

about 4 which is not sufficiently large for thin shell theory to be strictly 

applicable, thin shell theory is used to obtain estiraates of the bending 

stresses due to the raisraatch in radial growth between the wall and the end 

plate. Future analysis should attempt to raodel the true georaetry of the 

leading edge. 

For the purpose of analysis, three structural materials, 1.5 rara thick, 

are considered. They are a copper alloy, a vanadium alloy and a titanium 

alloy. The analysis assumes that a 1 ram thick coating is initially deposited 

on the plasma side of the liraiter. Three coating materials—beryllium, boron, 

and tungsten are considered. Because of its stiffness, the coating will 

significantly affect the stress in the substrate material if it is tightly 

bonded to the substrate. The stress analysis has therefore been conducted for 
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two conditions. First, the coating is assumed to be uncracked and fully 

bonded to the substrate and second, the coating is assumed to be cracked so 

that it does not offer any constraint on the deformation of the substrate. 

Analyses with the coating thickness of 10 mm have been carried out to simulate 

the effects of redeposition. An important stress that has been neglected in 

the present analysis is the residual stress which is created because the 

coating will be deposited on the substrate at an elevated teraperature. On 

subsequent cooling, residual stresses will develop because of the difference 

in the coefficient of therraal expansion between the coating and the 

substrate. Future studies should focus on the irapact of the residual stress 

on the life of the limiter. 
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3.7.3 Results and Conclusions 

The results are computed on the basis of the following geometrical 

constants: 

L = 8 ram 

h = 1.5 mm 

h^ = 1 mm (or 10 mm) 

I = 4 mm 

h^ = 2 mm 

R = 8.5 mm 

The stresses have been computed using the equations given in the appendix at 

the end of the chapter. Table 3-22 summarizes the maximum stress intensities 

in the leading edge for various material combinations. Note that in all cases 

the primary membrane stress (?^) due to pressure is small and is easily within 

the primary allowable stress S j. On the other hand, the elastically computed 

primary plus secondary thermal stresses (P. + Pg + Q) are very large and 

strictly meet the 3 S ^ allowable criteria for both the substrate and coating 

for the cases of Cu-B, Cu-W, and V-W only. However, it may be argued that 

since the coating is not a structural material, it should not be designed on 

the basis of the conservative Code Case N-47 criteria which are meant for use 

in design of pressure boundary structural components. If the stress criteria 

for the coating is dropped, then the Cu-Be (with 1 mm Be thickness) is also 

acceptable. Note, however, that neither Cu nor V meets the allowable 3 S^^ 

stress criterion if the Be thickness increases to 10 mm because of 

redeposition. 

A second set of calculations (Table 3-23) was run assuming that the 

coating is cracked and does not offer any resistance to the deformation of the 

substrate. A comparison of Tables 3-22 and 3-23 shows that the maximum stress 

intensities in the substrate are reduced by the added stiffness of the coating 

in some cases but not in others. In all cases, except the 10 mm thick Be 

case, both the primary and the priraary plus secondary stresses are within the 

respective allowables. Such a design analysis should be acceptable provided 

it can be shown either by tests or by detailed analyses that a crack in the 

coating will not propagate into the substrate. 
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Table 3-22. Maximum Stresses in the Leading Edge of the Limiter 

Material 

Cu 
V 
Tl 

Cu 
V 

Cu 
V 

Cu 
V 

Thickness 
(mm) 

1.5 
1.5 
1.5 

1.5 
1.5 

1.5 
1.5 

1.5 
1.5 

ble stress < 

SUBSTRATE 

Maximum Stress 
Intensity 

(^a) 

3 
3 
3 

1 
1 

2 
2 

2 
3 

btalr id 

''L 

by 

+ PB + O 
(MPa) 

372 
1107 
1707 

757 
2619 

1S6 
740 

347 
230 

ixtrapolatJ 

Allowable 
Primary 
Stress 

(M?i) 

150 
200 
220 

140 
200 

150 
200 

150 
200 

COATING 

Material 

Be 
Be 
Be 

Be 
Be 

B 
B 

W 
W 

Thickness 
(mm) 

1 
1 
I 

10 
10 

1 
1 

1 
1 

Maximum Stress 
Intensity 

Pm P 
(MPa) 

8 
7 
8 

1 
1 

9 
8 

8 
8 

+ Pj + Q 
(MPa) 

530 
1393 
2044 

3685 
5229 

606 
1884 

582 
161 

Allowable 
Primary 

(M?i) 

80 
71 
34 

oi 
oi 

528 
528 

233 
200 



Table 3-23. 

Maximum Stresses in the Leading Edge of the Limiter 
Assuming that the Coating is Cracked 

Material 

Cu 
V 
Ti 

Cu 
V 

Cu 
V 

Cu 
V 

^Total a: 

Thickne 
(mm) 

1.5 
1.5 
1.5 

1.5 
1.5 

1.5 
1.5 

1.5 
1.5 

llowable 

SS 

SUBSTRATE 

Maximum Stress 
Intensity 

P P, 
m ^ 1 

(MPa) 

8 
8 
8 

8 
8 

8 
8 

8 
8 

stress (P, + Pj 

+ Pg + 
' (MPa) 

422 
413 
490 

862 
721 

371 
413 

371 
413 

+ Q) = 

W 

3S 

Allowable^ 
Stress 

Smt 
(MPa) 

rat 

150 
200 
220 

140 
200 

150 
200 

150 
200 

COATING 

Material 

Be 
Be 
Be 

Be 
Be 

B 
B 

W 
W 

Tl 
(mm) 

1 
1 
1 

10 
10 

1 
1 

1 
1 



3.7.4 Electromagnetic Forces on the Liraiter 

An iraportant consideration in the design of a limiter is its 

electromagnetic response to a plasma disruption. A disruption will induce 

eddy currents in the liraiter, which will interact with the poloidal and 

toroidal raagnetic fields to produce pressure, forces, and torques on the 

limiter. These effects are described here, using analytical raodels developed 

in the STARFIRE^ ' study. 

Four different liraiters were studied, all with the same geometry, but 

with four different material specifications: 

(1) Stainless steel limiter (electrical resistivity) 

p = 76 u f! cm), with a 1 ram thick coating of Be (80% 

dense, equivalent p = 55 y 52 cm). 

(2) Stainless steel liraiter with a 10 mm thick Be 

coating. 

(3) Copper liraiter (p = 1.72 y fi cm) with a 1 rara thick 

Be coating. 

(4) Copper liraiter with a 10 rara thick Be coating. 

3,7.4.1 Pressure on Be Coating 

One of the electromagnetic effects is a pressure acting on the Be 

coating, tending to pull it off the liraiter. The pressure arises frora the 

interaction of the Induced currents and the poloidal field. For a plasraa 

current of I = 9.01MA, and a rainor radius of a = 1.3 ra, the raagnetic field at 

the liraiter frora the plasraa is B = 1.38T. For the case of an instantaneous 
•̂  P 

disruption, that field would disappear instantaneously outside the liraiter, 

and currents would be induced in the Be coating to raaintain the field Inside 

the liraiter. The pressure would be 

2 
p = B /2 w = 0.76 MPa = 105 psi. (3-6) 

This is a modest force that would not be expected to detach the coating. For 

realistic disruption times, the pressure actually would be much reduced from 

the value. During a finite plasma disruption time, where T- is long compared 

to the L/R time, T,of the liraiter coating, the pressure is reduced by a 
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factor T/T . For the 1 mm Be coating, the L/R 

time T = 0.018 ms, T = 20 ms, and p = 0.09 psi. For the 1.0 cm 

coating, T = 0.29 ms and p = 1.5 psi. 

In this analysis, it does not matter whether the underlying material of 

the limiter is copper or stainless steel. 

3.7.4.2 Torque about the Limiter Support Axis 

The radial component of current in the limiter arms and support interact 

with the toroidal field to produce vertical forces. There is no net force, 

but those forces do produce a net torque about the support axis. 

As in reference (1), we treat the two arms and support of the liraiter as 

three rectangular loops, sharing a common side and neglect the (low) 

resistance of that common side. Each loop then has three sides, each with 

resistance 

R = (ii /2A)/[u), /p, + 2 co„ /p„ ] 
base base Be Be^ (3-7) 

where I is the length of the side, A the area of the triangle defined by the 
(37) side and center of the loop^ , w, and P^ the thickness and resistivity 

base base ^ 
of the (copper or stainless steel) base, and lO and p the thickness and 

Be Be 
resistivity of the Be coating. Table 3-24 gives the resulting resistances, 
R]̂  = Rj of the arms and R2 of the support. 

Table 3-24. Equivalent Resistances of the Limiter Arm and Support 

Base and 
Coating (p S2) 

Support: 
(p a) 

67.1 

50.3 

1.58 

1.56 

R2 

SS base, 1 mm Be Coating 

SS base, 10 mm Be Coating 

Cu base, 1 mm Be Coating 

Cu base, 10 mm Be Coating 

388 

124 

11.4 

10.7 
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The inductance values and Eqn. 77 of reference (1) yield: 

2 
T R1R2 - T(1.119 R2 + 0.668 R,) + 0.6659 = 0 (3-8) 

The torque analysis has been carried out for the two cases with 10 rara thick Be 

coatings, which have the larger torques. 

Stainless Steel Base, 10 rara Coating 

Equation (2) yields the two values T, = 15.3 ms, T„, ^ = 6.94 ras. The 
^ Long bhort 

currents I, and I-,, for an Instantaneous plasma disruption, then become 

11 = 40.17 kA exp(-t/15.3 ms) - 33.58 kA exp (-t/6.94 ras) 

(3-9) 

12 = 160.04 kA exp (-t/15.3 ms) + 42.56 kA exp (-t/6.94 ms) 

The torque tending to twist the liraiter is given by the product of the 

current, the radial current path, the toroidal field, and the length of the 

limiter: 

N = (2 Ij + 0.07 ra + I2 x 0.20 ra) 3.85T x 0.5 m ' (3-10) 

= (0.2695 II + 0.3850 I2) kNm. 

With the substitution of Eqn. 3-9 into Eqn. 3-10, the expression for torque 

from an instantaneous disruption becomes 

N = 72.44 kNm exp (-t/15.3 ras) + 7.34 Knra exp (-t/6.94 ras) (3-11) 

and the peak torque is 79.78 kNra. 

If we ignore the second term of Eqn. 3-11, we can use Eqns. 80 and 81 of 

reference (1) to find the peak torque with a finite plasma disruption tlrae T.. 

Pot T = 20 ms, the peak torque occurs at tlrae 17.44 ms, and has a value of 

23.16 kNm. 

Copper Base, 10 ram Coating 

The times resulting from Eqn.3-8, T = 433 ms and T = 90.0 ms. 
Long short 

are both much longer than the plasraa disruption tlrae of 20 ms, so that the 
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analysis for an instantaneous disruption is adequate. The currents in the arm 

and in the support are given by 

IJ = 11.34 kA exp (-t/443 ms) - 4.75 kA exp (-t/90 ms) 

(3-12) 

I2 = 198.96 kA exp (-t/443 ms) + 3.64 kA exp (-t/90 ms) 

Again ignoring the terms involving T ^ , we find that the torque is 
short 

given by 

N = 79.66 kNm exp(-t/443 ms), 

which taken on its maximum value 79.65 kNm at time zero. This value is very 

near the 79.78 kNm found for an instantaneous disruption with a stainless 

steel base for the limiter. 

This calculation of torque and the calculation of force which follows 

assume a limiter length of 0.5 m. For a longer limiter, the torque and force 

would increase more than linearly with limiter length. A toroidally 

continuous limiter would have much larger forces, but no torque, because of 

its toroidally circulating induced current. 

3.7.4.3 Equivalent Bending Force at Tip of Arm , 

The current flowing along the tips of the limiter arm interacts with the 

poloidal field to exert a radial force which tends to bend the limiter arm. 

The face per unit length of limiter arm can be expressed as a function of time 

t, for a specified plasma disruption time T̂ . and L/R time T: 

I B 

7 = 2-^ 5- [exp (-2t/T) - (1 - 2 T / T ) exp (-2 t/x ) 
2(1 - i/T) 

- (2 T Q / T ) exp {-t(I/T + 1/TQ)}] (3-13) 

where Ig is the initial value of current and BQ is the initial value of 

poloidal field, 1.38T. Eqn. 3-13 is a corrected version of Eqn. 83 of 

reference (1). It must be applied separately to the currents 

for i, and i_. 
Long Short 

3-63 



Stainless Steel Base, 10 ram Coating 

The currents in the arm, Ii for T = 15.3 ras and T„, = 6.94 ras, are 
'• Long Short 

given in Eq 3-9 with Ig = 40.17 kA and -33.5 kA r e spec t ive ly . Equation 3-13 

y ie lds : 
_1 

F/Jl = 293.72 kNra [exp ( - t / 7 .65 ras) + 1.614 exp ( - t /10 ras) 

-2.614 exp ( - t /8 .669 ms)] 

_1 
-6.54 kNm [exp (-t/3.47 ms) + 4.764 exp (-t/10 ms) 

-5.764 exp (-t/5.152 ms)] 

At time 15 ms, T/l takes on its peak value of 6.06 kN/m; so that the peak 

force on the 0.5 m long limiter tip is 3.03 kN or 680 lb. 

Copper Base, 1.0 era Coating 

Substituting frora Eqn. 3-12 yields 

_1 
F/Jl = 8.58 kNm [exp (-t/222 ras) - 0.9097 exp (-t/10 ras) 

-0.0903 exp (-t/19.14 ms)] 

_1 
- 5.42 kNm [exp (-t/45 ms) - 0.5556 exp (-t/10 ms) 

- 0.4444 exp (-t/16.36 ms)] 

The peak force on the tip of the limiter is 2.56 kN = 576 lb, and occurs at 65 

ras. 
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3.8 Summary and Conclusions 

The work performed to date has led to the following conclusions 

concerning pumped limiters. 

1) The outer midplane is the first choice for the limiter 

location since disruptions are least likely to strike this 

area. If the midplane location must be used for other 

purposes, then the bottom location will be considered. 

2) The plasma edge temperature can be controlled by 

varying the limiter pumping efficiency and the method of 

fueling. A high pumping efficiency coupled with pellet 

injection produces a high edge temperature, whereas a 

low pumping efficiency coupled with gas puffing results 

in a low edge temperature. 

3) The choice of material facing the plasma depends 

upon its sputtering characteristics, which in turn depends 

upon the plasma edge conditions. At high edge teraperatures, 

beryllium is recommended, at medium edge temperatures, 

tungsten is recommended, and at low edge temperatures, 

copper can be used. At high and medium edge temperatures, 

the surface materials will need to be botjded to the first 

wall and limiter structural raaterials. 

4) A copper alloy (e.g., AMAX-MZC) is recommended as the 

limiter structural raaterial. Copper alloys are capable 

of operating with high heat loads, are commercially 

available, are easily fabricated, and are compatible with 

water coolant. The major uncertainty is the response of 

copper alloys to high neutron fluences. Experiments should 

be Initiated to examine the long term effects of neutron 

irradiation. 

5) The presence of a relatively thick coating on the 

limiter will have a significant impact on its operating 

characteristics. The primary effect is the potentially 
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high thermal stresses that result from the differential 

thermal expansion between the coating and structural 

raaterial. The structural raaterials, AMAX-MZC and 

V-15Cr-5Ti meet ASME allowable stresses with 1 rara 

coatings of Be, B, and W. A 10 mm coating appears to be 

unacceptable at the leading edge due to the resultant 

high teraperatures and stresses. There are, however, 

raajor uncertanties in quantifying the influence of the 

coating due to uncertainties in the bonding characteristics 

and physical properties of the coating raaterials. 

6) Copper exhibits a lower tritiura inventory and 

ralgration rate than vanadium. Migration rates for single 

materials are unacceptably high if ion insertion is 

considered as the controlling raechanism. If standard 

perraeation is controlling, then migration rates to the 

coolant will be low. 

7) The viability of the puraped liraiter concept depends 

upon the sputtering and redistribution of the surface 

raaterial. At present, it is believed that sputtered first 

wall material will be redeposited on the liraiter. The 

redeposited raaterial is not likely to have the sarae properties 

and structure as the original raaterial. 

8) Major uncertainties exist In the understanding of plasma 

wall interactions, and work in this area will continue. In 

particular, the effects of the tungsten limiter on the plasma 

will be examined in more detail. 

9) Little information exists on the plasraa operating 

characteristics at low (about 10 eV) edge teraperatures. 

There is an incentive to examine this plasraa regirae, since 

it would result In considerable sirapllfIcation of the first 

wall and liraiter designs. 
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CHAPTER 3 APPENDIX 

Stress-Strain Equations for the Limiter Leading Edge 

Internal Pressures 

Denoting the properties and dimensions of the substrate and coating (see 

Figure 3-9) by subscripts s and c respectively, the hoop and axial stresses 

due to internal pressure are given by 

2 
1 - v v + ( l - v ) E h / E h 

pR s s c s s c c 
a ~ — s h 2 2 

hoop s 2 ( 1 - V V ) + ( l - v ) E h / E h + ( l - v ) E h / E h 
s c c s s c c s c c s s 

„ V - V 
pR s c 
h ~ 2 '. Z" 

A x i a l s 2 ( l - v v ) + ( l - v ) E h / E h + ( l - v ) E h / E h 
s c ' c ' s s c c s ' c c s S , o . ,x 

( 3A-1 ) 
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„ 1 - v v + ( l - v ) E h / E h 

pR s c s C C S c 
3 - — 2 Z 

hoop c 2 ( l - v v ) + ( l - v ) E h / E h + ( l - v ) E h / E h 
s c c s s c c s c c s s 

£R 
h 2 2 

A x i a l c 2 ( l - v v ) + ( l - v ) E h / E h + ( l - u ) E h / E h 
s c c s s c c s c c s s 

In above E and v denote the elastic modulus and Poissons ratio, respectively. 

The average radial growth, w and axial growth u are given by 

2 2 
2 (1 - V ) / E h + (1 - V ) / E h 

w = pR 5 5 -^ - 2 - ^ ^ - ^ Z ( 3 A - 2 ) 
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2 2 
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u = -pRL 2 2 
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Temperature Gradient Through the Wall 

The average hoop and axial strain are given by 

E a /(I - V ) ; T dh + E a /(I - v ) / T dh 
- - _ s s s s s c c c c c 
^hoop " ̂ Axial E h /(I - V ) + E h /(I - V ) 

(3A-3) 

The hoop and axial stresses are given by 

[E, - a T 
s^ s. , . 1 - V ' hoop s s' 
hoop Axial s 

E 
''-- t^.„^,, - « TJ 

(3A-4) 

c, c. , , 1 - V ' Axial c c 
hoop Axial c 

Shell Analysis 

For the purpose of this analysis, the two-layered shell is replaced by an 

equivalent single layer shell of bending stiffness, D^jj, and raerabrane 

stiffness, Kg^^, and poissons ratio, u ̂ ^ 

2 2 2 2 2 2 2 2 2 
, [E h / ( 1 - v ) + E h / ( 1 - v ) ] + 2E h h (h +h ) / [ ( l - v ) ( l - v ) ] 

r, 1 s s s c c c ' s s c s c s c 
Def f - 4̂ • 2 — 2 

E h / ( 1 - v ) + E h / ( 1 - v ) 
s s s c c c 

3 3 
E h E h 

s s c c 2 7^ 
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(3A-5) 

e f f 1 - u 1 - V 

e f f ' 2—~ 2 
E^h^ / (1 - v^) + E_^h^/(1 - v^) 

3 A-2 



For a unit displacement (w = 1) at the edge (with axial stress resultant 

N = 0 ) , the membrane stress resultant (N ) , bending moments (M„, M ) and 
X (p X (|) 

radial displacements are given by [1] 

M = 2p D [G(5)Sin px Sinh px + F(5)Cosh yx Cos yx] 

^ff 2 
^ = ̂ "x> % = ^ - ( 1 -^eff) W. Nx = ° 

W = G(5) Cosh yx Cos yx + F(S) Sinh yx Sin yx 

where 

2 2 2 1/2 uL 
U = [(1 - ̂ eff̂ '̂ eff/̂ '' °eff^ 1̂ and 6 = f-

F(6) = (Cos 6 Sinh 6 - sin 6 Cosh 6)/H(6) 

G(6) = (Sin 6 Cosh 6 + Cos 6 Sinh 6)/H(6) 

* 

H(5) = Sinh 6 Cosh 6 + Sin 6 Cos & 

The raerabrane stresses corresponding to the stress resultants are 

/ ^ E (V - V ) 
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O — n 
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(3A-9) 
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The bending stresses corresponding to the bending raoraents are 
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The distances (y) frora the neutral surfaces to the Inner surface of 

substrate, interface between substrate and coating and outer surface of 

coating are respectively 

2 2 2 
, E h (h + 2h )/(l - V ) + E h /(I - V ) 
1 c c c s c s s s 

" 2" 2 2 
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and 

The total axial dlsplaceraent from end to end due to the unit radial 

displacement at the edges is given by 
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2 ̂ L/2 ^(m) ̂ ^ ^ _ _e|f_ [ H / 2 ( F ' + G " ) ] (3A-12) 
(J X t\ 

where F, G, and H have been defined before. The axial strain 

mismatach ( E ) between the central cool restraining region and the hot leading 

edge causes an axial stress in the leading edge walls and a shear deformation 

in the constraining end plates. These axial stresses are given by 

E £ s 
0 

Axial s s w c c s c 

and (3A-13) 
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4.1 Introduction and Strategy 

The primary functions of the first-wall/blanket system of a tokamak 

demonstration reactor are to provide the first physical barrier for the plasma 

chamber, to convert the fusion energy into sensible heat and provide for 

adequate heat removal, to breed tritium and provide for tritium recovery, and 

to provide sorae of the shielding for the magnet system. The first wall must 

withstand energetic particle fluxes and heat fluxes frora the plasma, high 

thermal and mechanical stresses, and elevated temperature operation. Also, 

the first wall must not be a source of excessive plasraa contaraination. The 

first wall of a power reactor is generally perceived to be an integral part of 

the blanket. The blanket raust withstand high neutron fluences, elevated 

teraperature operation, and therraal and mechanical stresses. The blanket 

materials must be compatible with each other and with the plasraa. 

Initial phases of the present first-wall design study have focused on 

critical issues related to plasma-wall interactions that impact materials 

selection and/or concept feasibility. These issues include (1) sputtering 

erosion of the first wall, (2) the impact of plasma disruptions on the erosion 

and integrity of the wall, (3) the impact of energetic tritiura injected into 

the first wall surface on the perraeation through the wall and the hydrogen 

(DT) inventory in the wall, and (4) the nuclear response. Important aspects 

of first wall design such as structural material selection, neutron radiation 

damage effects, mechanical properties, and operating temperature limits have 

been addressed extensively in previous studies such as STARFIRE,^ INTOR,*• 

UWMAK,^-'"^^ and Blanket Design Study^^^. Therefore, only general conclusions 

of these studies are summarized here. More quantitative lifetime analyses of 

the structure will be presented in the final design report. 

Development of a viable blanket systera is essential before the 

feasibility of fusion as a commercial energy source can be established. The 

importance of near-term blanket development is due partially to the 

recognition that breeding of tritium in the next-generation reactors may be 

necessary to supply tritium needed for projected operating scenarios. Near-

terra blanket developraent is also vital because of the impact on materials 

research and development requirements, and the need for testing in near term 

devices such as FED, which will require detailed definition of concepts. The 

blanket problems are quite complex because several components, such as the 

breeder, coolant, and structure must operate for extended lifetimes at 
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elevated temperature while exposed to severe radiation and chemical 

environments. Solutions to critical problems may be obtained by a combination 

of design options and by appropriate materials selection. 

The present blanket design study is focused on selection of the tritium 

breeder material. Four types of breeder materials, two solid breeder concepts 

and two liquid metal breeder concepts listed in Table 4-1, are generally 

believed to offer the most potential. Within the scope of the present effort 

is is not possible to analyze all four concepts in depth. Therefore, the 

strategy for the present study is to focus on only two concepts, viz., the 

Li20 breeder and the liquid Li-Pb breeder concepts. The recent STARFIRE 

design study^^ provides an in-depth analysis of the ternary ceraraic (LiA102) 

design. Most of the conclusions regarding the critical raaterials and design 

issues associated with the STARFIRE blanket concept are still considered 

valid. Therefore, a greater contribution can be raade by defining the critical 

design and operating criteria for a Li20 blanket. One can then corapare the 

performance characteristics, design implications, and operating llraits for the 

two types of solid breeder concepts. 

Table 4-1. Candidate Blanket Concepts 

SOLID BREEDER CONCEPTS 

- Li20 Breeder 

- Ternary Ceraraic (LiA102) Breeder 

LIQUID-METAL BREEDER CONCEPTS 

- Li-Pb Alloy Breeder 

- Li Breeder/Coolant 

Two types of liquid metal breeder concepts raust also be considered. 

Although no recent in-depth design study of a liquid lithiura blanket concept 

has been raade, earlier studies such as the UWMAK-I,(•') UWMAK-III ,^^^ ORNL/WEC 

Blanket,'' and the ANL Blanket/Shield Study^^ provide a general basis for 

coraparison. Therefore, the present study on liquid-metal concepts is focused 

on the lead-rich Li-Pb eutectic (17 at 7. Li- 83 at % Pb, 

4-2 



tem. 

are 

subsequently referred to as 17Li-83Pb) as the tritium breeder. The 

perforraance characteristics, design implications, and operating limits for 

this concept can then be compared with those of a liquid lithium syste 

Critical issues related to the first wall-plasma Interactions 

presented in Sec. 4.2. Section 4.3 presents results of the LijO breeder 

blanket study and Sec. 4.4 contains results of the Ll-Pb breeder blanket 

study. The two blanket sections present analyses related to raaterials 

selection, stress analyses, neutronics analyses, properties of the breeder, 

tritiura recovery, thermal-hydraulic analyses, and raaterials corapatlbility 

considerations. Critical design issues are summarized and proposed blanket 

design configurations are presented for the two breeder concepts. 

4.2 First Wall/Plasma Interactions 

Studies related to the response of the first wall have been focused on 

two general areas. Those aspects such as sputtering erosion, response to 

plasraa disruptions, tritiura permeation, and nuclear response, which are 

generally insensitive to the blanket concept considered, are presented in this 

section. Bulk property effects and design related Issues, which interface 

more closely with the blanket materials selection and configuration are 

presented in Section 4.3.3 and 4.4.3 for the hiyO and Li-Pb blanket concepts, 

respectively. Those aspects of the first wall that impact impurity control in 

the plasma are included in Section 3. % 

A major consideration in the selection of the material for the first 

surface of the first wall relates to the predicted redistribution of this 

material as a result of sputtering during operation and potential vaporization 

during a plasraa disruption. The redistribution of the first-wall material 

within the plasraa chamber indicates that it is highly desirable, if not 

imperative, that: 

• the surfaces of all components within the plasma chamber be of the 

sarae material 

• this material be a single element. 

Material eroded from the wall either by sputtering or vaporization during a 

disruption is expected to redeposit in other regions of the chamber, e.g. the 

limiter. If the material is originally a compound or alloy, uniform 

redeposition of different elements cannot be guaranteed. The composition of 

the first surface would thus be changed. 
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A second major consideration relates to conditions that lead to self 

sputtering yields in excess of unity. Wall material sputtered by energetic 

plasraa particles eventually deposit somewhere. If the self sputtering yields 

are greater than unity, the increasing source terra could lead to a propagating 

type effect, and hence, excessive erosion. (See Section 3.2.) 

A third iraportant consideration relates to chemical reactivity of the 

wall raaterial with the hydrogenous plasma. This is a major concern with 

materials such as graphite and titaniura. 

Table 4-2 suraraarizes the materials considered for the first wall 

surface. These include the three candidate structural raaterials: austenitic 

stainless steel, ferritic steel and a vanadlura-base alloy in addition to hlgh-

and low-Z coatings/claddings that can be used on one or raore of the structural 

alloys. 

Table 4-2. Candidate Materials for 

First-Hall Surface 

Structural Alloys 

Austenitic Stainless Steel (PCA) 

Ferritic Steel (HT-9) 

Vanadium-Base Alloy (V-15 Cr-5Ti) 

Coating/Cladding 

Beryllium 

Vanadium 

Tungsten 

4.2.1 Sputtering Erosion 

Physical sputtering by the energetic charge-exchange neutrals (D,T) is 

predicted to be the primary erosion process for the first wall (see also Sec. 

3.2). The erosion rates for the first wall are based on two operating 

scenarios: (1) a high edge energy of 1500 eV that produces a charge-exchange 

energy of 3000 eV, and (2) a low edge energy of 100 eV that produces a charge-

exchange energy of 200 eV. Experimental data on the energy-dependent physical 

sputtering yields of raost wall raaterials of interest have been reported for 
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norraally Incident deuterium and heliura as well as for some higher mass 

particles, e.g., Ne, Ar, and Xe. Since data for sputtering by tritium have 

not been reported, analytical models must be used to predict erosion rates 

caused by tritium. The major contribution to the erosion coraes from tritiura 

since tritium has a higher mass than deuterium. Data for the angular 

dependence of physical sputtering are very limited. Available information 

indicates some type of cosine distribution with little effect at angles less 

than 45° from the normal. Higher angles up to about 85° give substantially 

higher yields. Table 4-3 summarizes the predicted erosion rates for candidate 

wall materials based on an average charge-exchange flux (50% D, 50% T) to 
23 -1 

the wall of 10 s and a duty factor of 50%. Calculated erosion rates are 

based on the DSPUT code which generally gives good agreement with available 

experimental data. Figure 4-1 shows the calculated energy-dependent physical 

sputtering yields for deuterium incident on several candidate wall 

raaterials. Figure 4-2 shows a comparison of experimental data with the 

calculated angular dependence of the physical sputtering yield for deuterium 

incident on nickel. For the case of berylliura the sputtering yields from the 

code are higher than the published experimental data. It is believed that the 

experimental data are affected by oxygen contaraination and are raore indicative 

of BeO sputtering. The erosion rate of tungsten at 200 eV is very sensitive 

to rainor changes in energy since this value is near the threshold energy for 

sputtering. For example, an increase of only 50 eV to an energy of 250 eV 

would increase the predicted erosion rate by a factor of 8. 

Table 4-3. Predicted Physical Sputtering Erosion 
Rates for Candidate First Wall Materials 

Wall Material Erosion Rate^, mm/y 

200 ev'' 3000 eV^ 

Be 2.1 0.50 
V 1.1 2.0 
SS,FS 1.0 2.2 
W 0.004 0.68 

^ charge exchange flux: 2.5 x 10^^ cm" s" , 50% duty factor 
average charge exchange energy (50%D, 50%T) 

4-5 



Figure 4-1. Calculated energy-dependent physical 
sputtering yields for candidate wall 
materials bombarded with normally 
incident monoenergetic deterium.° 
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NICKEL 

Lt;oL',D 
- 1C3 <?\i 
- ICJOaV 
- 2r30oV 

Figure 4-2. Calculated angular-dependent physical 
sputtering yields for 0.4, 1.0, and 2.0 
keV deuterium incident on nickel 
(normalized to normal incidence). 
(Solid symbols represent experimental 
data for 1 keV D.) 
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4,2.2 Plasraa Disruption Effects 

An important consideration in the design of the first wall relates to the 

effects of plasma disruptions. The present study has focused on the rebpouoe 

of various candidate first wall raaterials to the high energy deposited on the 

first wall during a plasma disruption. There is a high degree of uncertainty 

as to the time of the disruption, the region or fraction of the firot v.all 

over which raost of the energy is deposited (peaking factor), and the time 

dependence of the deposition rate. For the DEMO the plasraa energy is ~ 30U HI 
2 

and the total first wall area is ~ 400 m . If the plasma energy were 

distributed uniforraly over the entire first wall, the energy density would be 
2 

75 J/cra . It is generally believed that most of the energy will be deposited 

on the inboard region of the first wall. Uniform deposition over 20% of the 
2 

wall (peaking factor of 5) would give 375 J/cm . The analyses presented are 

based on a uniform (time independent) deposition for times of 5, 20 and 60 
2 

ms. Values of 375 J/cm (peaking factor of 5) during a 20 ms disruption are 

believed to be representative of the probable disruption scenario for the 

DEMO. 

The energy deposited on the first wall during a plasma disruption can 

lead to vaporization of the surface regions, melting of the surface regions 

and conduction of heat into the bulk material. The analyses for the materials 

responses are based on analytical models developed by Merrill and 

Hassanein . Both models determine the extent of wall melting by solving 

equations which define the net energy content in the wall resulting frora the 

plasraa disruption. Merrill's model solves the following energy equation for 

the first wall raaterial 

DE 
P ^ = q + V x K V T ( 4 - 1 ) 

where 

E = raaterial energy (J/kg) 

q = bulk heat rate density (W/m^) 

k = thermal conductivity (W/ra-k) 

T = raaterial teraperature (K) 

p = raaterial density (kg/ra ) 
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This equation defines the time and space dependent energy content of the 

wall material. Those wall regions predicted to have energies in excess of 

the amount required to melt the material represent the melt layer. A 

convective mass term is added to this equation to account for the moving 

boundary at the melt/vapor interface. Subsequent to each solution time 

interval, the node structure at the back of the wall is restructured. This 

procedure conserves both mass and energy during the evaporation process. 

The Hassanein model solves separate conduction equations for the solid 

and liquid phases: 

Solid Equation 

aT 
p c :r-^ - V x k VT = 0 
^s s 3t s s 

Liquid Equation 

where 

C = material specific heat (J/kg-K) 

T = material teraperature (K) 

k = raaterial conductivity (W/m-K) 

p = material density 

subscripts s, i = solid, liquid phase. 

Two interfaces exist for this model, the solid/melt and raelt/vapor 

interfaces. The equations needed to specify the propagation of these 

interfaces are the following energy balances: 

Solid/Melt 

3T 3T 

^ 3 ^ " " ' ^ s ^ ^ ^s-f^'s' 
"k. ^ = - k ^ + p L f ( V / n . ) 

Melt/Vapor 

3T i( 4 
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where 

q = surface heat flux from plasma disruption 

Lj = material heat of fusion (J/kg) 

V = interface velocity (m/s) 

L, = material latent heat of evaporation (J/kg) 

o = Stefan-Boltzmann constant 

subscripts s/m, m/v, v = solid/melt, melt/vapor, and vapor. 

The solid/melt energy balance iraplies that the difference in the rate of 

energy conducted to the interface by the liquid phase and that conducted away 

frora the interface by the solid phase raust produce raelting. The rate of 

raelting is proportional to the material density and heat of fusion. The 

melt/vapor energy balance provides the boundary condition for the liquid 

conduction equation through the conductive term. The rate that energy from 

the plasraa disruption arrives at this interface is equal to the rate that 

energy leaves the interface due to vaporization, conduction, and radiation. 

The last terra on the right-hand side of the equation represents the energy 

radiated away from the surface; but it isn't apparent at this time why the 

material emissivity was not considered. 

The Merrill and Hassanein models both consider the kinetics of surface 

evaporation. The Merrill model adopted the Schrage^^^^ modified phase change 

relationship. 

where 

' M //2 . ''v _ ^ 

^2.RJ L̂ â  ̂  1/2 -Og;^T7r 
V s 

2 
J = vaporization mass flux (kg/m x s) 

M = vapor molecular weight (kg/mole) 

Pv,s " pressure (N/ra^) vapor, first wall surface 

^v,s ^ temperature (K) vapor, first wall surface 

R = universal gas constant (J/kg x mole K) 

, a = condensation or evaporation multipliers. 
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The terms of this equation predict the rate of condensation and evaporation 

respectively. The melt surface temperature and pressure of the evaporation 

term are determined from saturated relationships and the predicted surface 

energy. These same properties for the condensation term are obtained from a 

solution of the vaporized material transport equations. The boundary 

condition of surface heat flux for the first wall energy equation is the 

difference of the incident plasma flux and the convective vapor energy flux 

(the product of vaporization rate and latent heat of evaporation). 

The Hassanein model solves a similar equation for the evaporation process 

-1 /2 
j (T 1 = f2iimkT 1 ' o P (T 1. 
^e *- v' '• v* e s*- v-" 

(13) 
The condensation term is based on transport calculations which indicate 

that the condensation rate asymptotically approaches 20% of the evaporation 

rate after 20 collision times. The resulting net vaporization rate is 

determined to be 

j(t) = j^ [0.8 + 0.2 exp (-t/Tj^)=. 

Vaporized material transport is addressed differently in these models. 

The transport of the vaporized material away from the first wall surface for 

the Merrill model was determined by a solution of the continuum theory 

conservation equations: 

Conservation of Mass 

3p , ̂ pu. _ r, 
3t "̂  3x " "' 

Conservation of Momentum 

^3u , 3UN 3P 
D + U -~-\ = T— - p g COS ^ ^dt Sx' dx ^ ^C 

Conservation of Energy 

3P1 . i£Eu ^ |.lu^ 
3 t 3x '•3X-' ^ ' 

4 - 1 1 



where 

u = vapor velocity (m/s) 
2 

P = vapor pressure (N/m ) 

E = vapor energy (J/kg) 

q = vapor heat rate densit 
3 

p = vapor density (kg/m ) 

The solution of these equations provides the required vapor temperature and 

pressure for the condensation term of the vaporization equation. 

For the Hassanein model, the influence of the vapor transport in the 

condensation term of the vaporization equation is through the relaxation time 

constant, T„. This tlrae constant results in 98% of the asymptotic conden-
R 

sation flux after 20 collision times, and is given as 

1 1/3 ,3 ,2/3 

: ^ = 1.6 2n ' [ja] ' 3^ 
R 

where a is the elastic scattering cross section. 

The Hassanein raodel considers the effects of plasma attenuation by the 

vaporized material stream. The adopted approach for this attenuation was 

based on the premise that the vaporization of the quantity of material 

equivalent to the penetration depth of 10 keV ions in the solid phase will 

provide a vapor shield with an atom density sufficient to attentuate the 

incident plasraa. As a result, the mechanism of wall heating changes frora one 

of deposition of ions to radiation, and since this radiation is isotropic, the 

intensity of wall heating is one half the unattenuated value. The transition 

in intensity of heating was assuraed to be linear with vaporized depth until 

the depth exceeds that of the original penetration depth of the ions. 

Figures 4-3 and 4-4 compare the predicted melt layer thicknesses and 

vaporization depths for several materials as calculated with the Hassanein and 

Merrill models as functions of plasma energy density for disruption times of 5 

and 20 ms. As can be noted, good agreement resulted for the case of no vapor 

shielding even though the modeling approaches differed. The predictions of 

raelt layer thickness at 5 ms were in closer agreement than at 20 ms. The 

opposite was noted for vaporization depth. This would seem to imply that the 

different raodeling approaches for vaporized material transport was a major 
4-12 
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Figure 4-3. Stainless steel melting zone thick
ness with no vapor shield as a 
function of energy density (Curves 
Hassanein model; symbols - Merrill 
model.) 

Figure 4-4. Evaporation thickness of stainless 
steel for 1000 disruptions for 
different energy deposited (Curves 
Hassanein model; symbols - Merrill 
model.) 



contributor to this difference. Figures 4-4 and 4-5 illustrate the impact of 

the vapor shield. For stainless steel, the vaporized depth decreased by 

approximately an order of magnitude whereas the raelt layer thicknesses were 

affected only slightly. 

Figures 4-6 through 4-12 contain predictions of melt layer thickness and 

vaporized depth for beryllium, molybdenum, tungsten, and carbon. The results 

for berylliura and tungsten are from the Merrill model and as a consequence do 

not include the effects of vapor shileding. The results for melt layer 

thickness. Fig. 4-6 through 4-8, suggest that a maximum value exists for a 

given disruption time. This characteristic is a consequence of vaporization 

becoming more predominant as energy density is increased. The vaporized 

depths. Fig. 4-4 and 4-9 through 4-12, indicate that increased vaporization 

occurs as a result of decreased disruption times at a given energy density. A 

transition to a linear dependence of vaporized depth with energy density was 

noted. 

Table 4-4 summarizes the required energy densities to produce 1) melting, 

2) one micron of vaporization, and 3) the raaxiraura melt layer thickness for the 

case of no vapor shielding. These points have been interpolated or 

extrapolated from Fig. 4-3 through 4-12. The results for stainless steel and 

berylliura are fairly similar, with the difference becoraing more pronounced at 

longer disruption tiraes. This similarity was attributed to the face that the 

total energy change, the product of density and energy, from the initial value 

at 573 K to vaporization is practically identical for these materials. The 

energy thresholds for molybdenum and tungsten were significantly higher than 

either stainless steel or berylliura. The maximum raelt layer thicknesses 

during a 5 ms disruption for molybdenum and tungsten were both ~ 220 ym, 

while those for stainless steel and beryllium were ~ 120 ym. This indicates 

that the latter materials are raore volatile. On the basis of these results, 

tungsten would be the more resistant metal to erosion by disruption, due to 1) 

high total energy requirement to melt and vaporize, 2) high thermal 

conductivity, 3) moderate vapor pressure. Should the melt layer not be stable 

during this event, a metal with the same characteristics but higher vapor 

pressure would be more desirable. It is important to point out that the melt 

layer will exist for only a short time (of the order of the disruption time) 

and that much of the layer will be molten only a fraction of this time. 
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Figure 4-5. Stainless steel melting zone thick
ness with vapor shield as a function 
of energy density (Hassanein model). 

Figure 4-6. Beryllium maximum melt layer thick
ness for plasma disruptions of 5, 
20, and 60 ms duration (INTOR model). 
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Figure 4-7. Molybdenum melting zone thickness 
with no vapor shield as a function 
of energy density (Hassanein model). 

Figure 4-8. Tungsten maximum melt layer thickness 
for plasma disruptions of 5, 20, and 
60 ms duration (Merrill model). 



OlFrlST'^Oa-pC.;^?!"!" 

400 600 

Energy density (J/cm ) 

0̂̂  eOO 400 6 " 5 n O ^ O O O . |00 1400 
ENERGY DENSITY (J/cm') 

Fig^^e 4-9. Beryllium vaporization depth for 
plasma disruptions of 5, 20, and 
60 ms duration (Merrill model). 

Fieure 4-10. Evaporation thickness of 
tigure molybdenum for 1000 disruptions 
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Figure 4-11. Tungsten vaporization depth for 
plasraa disruptions of 5, 20, and 
60 ms duration (Merrill model). 
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Table 4-4. Required energy densities to produce melting, one micron of vaporization, and 

the maximum melt layer thickness. 

Energy Density Required To Cause 
One Micron of . Maximum Melt LayeK 

?'''"f'r MPltina (J/cm2) Vaporization (J/cm^) _Jhi£kness_(i/cmJ Material Time (ms) Melting u/cm i — v _ 

Stainless steel 5 90 
20 170 

50 300 

60 

5 

20 

60 

360 

280 

360 

700 

1220 

150 

290 

480 

c 100 '=" 
Beryllium 5 ^̂ ^ 300 

20 200 

150 

300 

500 

400 
Molybdenum » """ 

20 • 560 750 

Tungsten = _ .,^„^ 1800 

20 

60 

560 

1080 

1750 

290 

600 

350 

700 

1000 

7i:zZ'L>' -. f»̂  "'-'•"•" "'*""' ""'*"'"" °''"'""" °' *"'"""" 



Table 4-5 summarizes the estimated vaporization erosion thicknesses for 

the cases of 375 J/cm^ and 750 J/cm^ and with the vapor shielding. These 

values are used as a basis for specifying the first wall thickness and 

lifetime. Since there is a large uncertainty regarding both the disruption 

time and the area of the disruption (peaking factor), the impact of a few very 

severe disruptions is an important consequence. The integrity of the wall 

should not be lost in the event of a single or even a few very severe 

disruptions. For the case of a very short disruption (< 1 ms), nearly all of 

the energy from the plasma is dissipated by vaporization. The calculations 

indicate that an energy density of about 6000 J/cm is required to vaporize 1 

ram of berylliura (assuraes no vapor shield). This energy corresponds to a 
2 

peaking factor of 80 or an equivalent wall area of 5 m . The vapor shielding 

should be even raore effective at the higher vaporization rates. An order of 

magnitude reduction in erosion provided by the vapor shield would correspond 
2 

to a peaking factor of 800 or an area of 0.5 m for the case above. As 

indicated by the tendency to saturate at very high energy densities with the 

vapor shield (see Figs. 4-4 and 4-12), the vapor shield may be even more 

protective for very severe (or concentrated) disruptions. These results 

indicate that it is very unlikely that the integrity of a beryllium-clad wall 

would be lost even under a very serios disruption. Since the probability is 

low that a very serious disruption would occur at the sarae sraall area, the 

wall should withstand a reasonable number of very concentrated disruptions. 

Table 4-5. Vaporization Thickness for 20 ms Disruption 
Peaking Factors of 5 and 10 

Wall Material Vaporization Thickness, u" 
5(375 J/cm^) 10 (750 J/cm ) 

Berylliura 0.2^ 8 
Stainless Steel 0.3 9 
Tungsten 0 0 

Assume shielding effect similar to graphite. 
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Although the present models adequately predict the thermodynamic response 

of the first wall material, these models do not account for the melt layer 

dynamic behavior. Movement of the melt layer could significantly increase 

first wall erosion. The behavior of the melt layer could significantly 

increase first wall erosion. The behavior of the melt layer is affected by 

such phenomena as induced magnetic forces, plasma kinetic pressure and/or 

surface sputtering, and acceleration force of the vapor during evaporation. 

Plasma/vapor interactions should result in a change in the type and intensity 

of the energy deposition experienced by the first wall surface, through energy 

absorption and re-radiation by the vapor, ionization of the vapor, and 

increased plasma radiative losses. The Hassanein model has addressed this 

area, but both the theory of plasma vapor interaction and experimental 

verification of models are required. 

4.2.3 Tritium Transport in the First Wall 

Tritium migration in the first wall is an issue of considerble impor

tance, particularly if water is used as the coolant. Recently this issue was 

highlighted by considerable controversy during the March 1981 INTOR meeting in 

Vienna at which results of Wienhold, Waelbroeck, Winter, and All-Khan pre

dicted tritium migration rates of the order of 10 Curies/day whereas Bartlit, 

Finn, and Abdou predicted migration rates of 1 Curie/day — a difference of 

five orders of magnitude. The differences resulted not only from the condi

tions assumed (surface condition at the first wall and at the coolant inter

face, wall temperature, wall thermal gradient, etc.) but more importantly from 

the models used to represent the transport processes that occur and the 

assumed boundary conditions. In this section, the following topics are dis

cussed: (1) tritiura transport models; (2) surface desorptlon; (3) deuterium 

transport experiments; and (4) tritiura transport in the DEMO first-wall 

designs. 
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4.2.3.1 Tritiura Transport Models 

In Fig. 4-13. tritium migration processes in a fusion reactor first wall 

are illustrated. Energetic trltons ranging from 0-3 keV are injected to a 

mean depth, 6, of ~ O.OI pm into the first wall at a rate, S. These particles 

can then migrate to the coolant at the rate, Rj. or back to the plasma at the 

rate R,. The internal concentration of tritium will Increase until steady-

state levels are achieved and S = Rj + R2-

The rate R[ is affected not only by bulk diffusion kinetics but also by 

the conditions at the coolant/structure Interface. (If an oxide film is 

present at the interface, transport rates can decrease by from one to three 

orders of raagnitude. ̂^) It has been shown that for steels implanted with 

deuterium, the experlraentally raeasured diffusion rates are highly dependent on 

surface treatraent history.^^^.18) p^^ gg received material: 

2 3 
D(cm /s] = 1.7 X lO" exp [-12.713/RT) 

or about 10"^^ cra^/s at 400°C. whereas for e lec t ropol i shed raaterial 

2 -1 
D(cm Is) = 1.2 X 10 exp ( - 1 4 . 1 0 0 / R T ] 

-10 2 
or about 10 cm /s at 400°C. Thus substantial variations (at least on 

order of magnitude) are predicted for different surface conditions. 

The rate R^ also depends on both diffusion and surface phenomena, e.g., 

recombinative desorptlon. The presence of an oxide film, trapped particles, 

or porous surfaces (produced by radiation damage) will affect both of these 

phenomena. The models which have been developed to predict tritium migration 
19 

at the first wall generally assume that either bulk diffusion or surface 
20 21 

interactions ' are rate limiting. The key issue is to establish which 

mechanisms are in control under conditions of interest. A critical review 

of the models developed and the experimental data base used to evaluate 

tritium migration through the first wall is presented. 
19 

The Hickman insertion model assumes that the migration rate R.. is 

proportional to the ratio between the implantation depth, 6, and the wall 

thickness, t, 

• 
R^ = 4.(Ci/d) = S(6/t)(4.14 X lO"-*-^). 
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S = R^ + R2 — S = Source, R-ĵ  = Rate at which particles migrate to coolant, 
and Rj = Rate at which particles iftLgrate to first wall. 

Figure 4-13. Tritium migration in a fusion reactor first wall. 

The calculated steady-state migration rate (R^) is not dependent on either 

pressure or temperature but increases as the particle energy increases, i.e., 

as the implantation depth, &, increases. The creation of porosity near the 

plasma/wall interface would tend to decrease R^, since the particle would have 

a shorter distance to diffuse to a surface. Since the mean injection depth22 

•^0.01 ym is approximately equal to an oxide film thickness,^-^ 0.003-0.02 pm, 

energetic particles in an environment with trace amounts of oxygen or water 

could be trapped within or under an oxide film. Under these conditions, R2 

would decrease, the internal concentration would Increase, and R-^ would 

therefore Increase. 

.24 
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Another Important effect is tritium trapping. It has been deter

mined that deuterium retention in the first 0.5 pm of a bombarded first 

wall saturates at ^ 10^ /cm^. Increased implantation fluences have rio fur

ther effect on the surface concentrations and the bulk retention is increased 

slightly. This could result in an Initial increase in the migration rate 

followed by a decrease to steady state levels. 

The simple gaseous permeation model, e.g. that 

T̂-A 1/2 1/2 
* = 7 ^ (P2 - Pi ) 

27 
has the best reference data (k = permeation coefficient at temperature T, 

A = area, t = thickness of first wall, P2 = hydrogen pressure at the plasma 

interface, ?i = hydrogen pressure at coolant interface, assumed ^ 0). This 

model raay be the least acceptable representation of tritium migration at the 

first wall since the neutral pressure at the plasraa interface is not 

quantitatively known. In practice, the driving pressure inside the wall could 

be used if it were known. 

20 
The raodel developed by All-Khan, et al. assumes that at low hydrogen 

pressures, surface desorptlon at the plasma interface is the rate limiting 

step for R2, 

2 
R2 = k K P,, 

r s ^' 

where i(ik n k = recombination rate constant, K = Sieverts' constant, and t r ' s » 

Pi = hydrogen pressure. This process is temperature-dependent but independent 

of wall thickness. Although the values of k at the plasma/wall and at the 

coolant/wall interfaces can be substantially different, they have been assumed 

equal in most calculations. In addition, the k values used have been 

calculated from other experimental data and not directly measured. 

The model developed by Baskes assumes that the surface boundary condi

tions are of the form 

R2 = k C^ 
r s 
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(C„ is the near-surface tritium concentration). Although the effect of dif

ferent kj. values at the plasma/wall and the coolant/wall interfaces has been 

examined, it has been acknowledged that the appropriate values of k are not 

known. A model developed for calculating kj. assumes that this parameter is 

proportional to the molecular sticking coefficient, a, which is equal 
—5 no 

to ~ 0.5 for a clean surface and ~5 x 10 for a "dirty" surface, the dirty 

surface being representative of the existance of an oxide film. Any trapping 

at radiation-induced defects is neglected in this model. 

4.2.3.2 Surface Desorptlon 

In both models that include surface desorptlon, the rate-limiting step is 

recombinative desorptlon; therefore, a critical review of the available infor-

29 

mation on the recombination rate constant was conducted. Wilson who pre

sented a summary of the available data on k̂ ., noted that the data base for the 

recombination rate constant, and for surface desorptlon in general, was quite 

uncertain. The references cited in the summary plus additional references are 

given in Fig. 4-14. Some of the obvious conclusions are the following. At 
20 30 

400°C, the value of k can vary by six orders of magnitude. * Both 
38 39 

Baskes and Wienhold used the data that Weinhold had collected on gas 

recycling to calculate kj. using their respective models. Good agreement 

between each model and the experiment resulted in values of kj. differing by 
30 

two orders of magnitude. The data of Braun had-the caveat that the surface 

concentration could have been overestimated due to the presence of surface 

trapping centers, the presence of an oxide film or surface gas adsorption. At 

this time, it appears probable that the surface concentration was indeed 

overestimated. Several experimenters derived expressions for k̂ ., shown below, 

which are represented by the four curves in Fig. 4-14: 

k = 5.4 X lo" exp (-15600/RT), 1500c < T < 4000C (Ref. 30) 

k = 6.3 X lo" exp(-21400/RT), 700C < T < 4000C (Fe) (Ref. 33) 

24 -18 
k = 8.8 X 10 exp(-13600/RT), (Ref. 37) 
r 

k = 4.5 X I5~ T~ ^ exp(-11930/RT), 25 < T < lOO^C (Ref. 36) 
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Figure 4-14. Temperature dependence of recombination 
constant (different investigators). 

Baskes' model (expression d) results in migration rates approximately 

an order of magnitude larger than that of the permeation model if a clean 

surface is assumed at the plasraa/wall interface and a "dirty" one at the 

coolant/wall interface. Because the large variation in k suggests the 

presence of complicating factors (oxide film, etc.), actual conditions 

expected in a fusion reactor cannot be accurately modeled with existing data. 

Some bombardment experiments with tungsten filaments have been reported. 

Tritium migration in iron held at 92°C increased a factor of 5 x 10"* when a 

tungsten filament was operated. Since the same rate was attained when the 

hydrogen pressure was increased a factor of 10^, this may have been due to the 
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presence of an oxide film with a barrier effectiveness of 10^. In an experi

ment with SS-4301 at SOCC ^ it was reported that increasing the hydrogen 

pressure by a factor of lO"* achieved the same effect as operating a tungsten 

filament. If some oxygen or water were present, an oxide film with an effec

tiveness of ~102 would produce the same result. 

4.2.3.3 Deuterium Transport Experiment 

The data base for deuterium transport during ion implantation is very 

limited. However, the migration rate in both Type 316 stainless steel and 

nickel was measured during deuteron (20 keV) borabardraent (9 x lO'^/m^s). It 

was found that for Type 316 stainless steel the rate increased to a maximura 

and then decreased to a steady-state value, saturating at ~10'^/cm2 as noted 
21 22 

previously. ' The difference between the raaxiraum and steady-state values 

was approximately a factor of two. The maximum migration rate observed at 

500°C was approximately four times greater than that predicted by a simple 

gaseous permeation model. It was ==50% less than that predicted by the Hickman 

model. The decrease in the migration rate may have resulted from the forma

tion of an oxide film; however, it would seem that this experiment is reason

ably well explained using the Hickman model. The desorptlon models would have 

to assume a large kj. to explain the experimental results. 

Another deuteron (15 keV) bombardment, this ttrae of Type 304 stainless 

steel, was done at a fluence of ~10'5/m2s by Perkins and Noda. The migra

tion rate was =0.5 of Saitoh's. Thus, for stainless steels the tritiura 

migration at the first wall can be better approximated by the insertion model 

than the permeation raodel. For other raaterials, one would expect that the 

maximum tritium migration rate would be better predicted by the Hickman model, 

if the insertion effect is dominant. 

Based on these conclusions, we have utilized both the Hickman model and 

the perraeation model to predict tritium migration rates and the associated 

steady-state tritium concentration in the water coolant for several first-wall 

designs for DEMO. The tritium wall inventories are calculated assuming no 

radiation-induced trapping. 
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4.2.3.4 Tritiura Transport in the DEMO First-Wall Designs 

The first-wall designs considered were: (1) a berylliura-metal composite 

consisting of 10 rara berylliura and 5 mm ferritic, vanadium or stainless steel 

alloy; and (2) a metal wall of ferritic, vanadium, or stainless steel. (The 

thickness was varied from 15 to 5 rara to account for erosion losses during 

lifetime). The coraraon pararaeters are listed in Table 4-6. The reference case 

approxiraates the therraal gradient in the wall by assuraing an average terapera

ture of 400°C. The average ion energy assumed was 1.2 keV. Ions at 3 keV 

would result in rates twice as high. The average hydrogen pressure was 

assuraed to be 10 ^ Pa; in the limiter slot pressures of -̂ 10 ^ Pa could be 

generated. Sorae of the cases considered are shown in Table 4-7. The terapera

ture dependence of the permeation constants for several materials is shown in 

Fig. 4-15. The reference cases are summarized in Table 4-8. The coolant was 

assumed to have a volume of 105 i . In raost cases it was found that tritium 

migration and decay rates would be equal in -̂ 2̂0 y. 

Table 4-6. Pararaeters for First Wall 

Surface area, ra^ 400 

Thickness, mm 5-10-15 

Volurae, ra^ 2-4-6 

Teraperature, "C 300-500 

Average teraperature, °C 400 

Hydrogen pressure. Pa 10~5-i 

Average pressure. Pa 10"^ 

Average energy of insertion, keV 1.2 (0-3 range) 

Flux to wall, s~l 1022 

Volurae coolant, ra^ 100 (water) 

Tritium fueled, kg/d 2 

Tritiura burned, g/d 140 

4-28 



For the composite Be-M wall, transport rates are <20 Ci/d if no oxide 

barrier is assumed and <10 Ci/d if an oxide barrier is present at the coolant 

Interface. In the case of vanadium, ~ 56 g of tritium is dissolved in the 

wall; for the ferritic or stainless steel <1 g is dissolved in the wall. For 

a structural metal wall, an oxide barrier is required for both vanadium and 

ferritic alloys to maintain tritium transport rates at <20 Ci/d. For 

stainless steel the transport rates are predicted to be <20 Ci/d without an 

oxide barrier. As discussed in Ref. 1, an oxide film will be present on these 

structural alloys when exposed to water under conditions of interest. For 

both ferritic and austenitic steels, wall Inventories are predicted to be 

<1 g. For the vanadium alloy the inventory is predicted to be between 50 and 

170 g. 

TEMPERATURE/ C 
600 500 

Figure 4-15. Tritium permeability of several 
materials as a function of temperature. 
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Table ' ' - 7 . Tritium Transport Rates for 400 B^ P i r s t Wall 

Material 

Be, 100Z'= 

Be, 60Z 

Be, lOOZ 

Be. 60Z 

Fe r r i t i c ' ' 

P e r r l t l c 

Ferr lElc 

F e r r i t i c 

P e r r l t l c 

VB 

V (lO'X) 

V 

(lO^X)" 

(lO^X) 

Temp. 
(°C) 

^00 

500 

300 

400 

SOO 

500 

300 

300 

400 

500 

SOO 

300 

Perneabl l . 
Constant" 

8 

4 

8 

10-5 

10-5 

10-6 

- 10-6 

I 

10-2 

10"' 

10-3 

- 10*1 

60 

- 10-3 

5 

Thickness 
(iTifn) 

10 
5 

10 

10 
5 
5 

10 
5 

10 

15 
5 
15 

15 
5 

15 
5 

5 

10 

15 
5 

15 

5 
5 

15 

P r e a i . 
(Pa) 

10-3 
10-3 

1 

I 
loz 
lO" 

10-3 
10-3 

1 0 " 

10-3 
10-3 

1 

10-3 
1 

10-3 
10-3 

10-3 

10-3 

10-3 
10-3 

1 

10-3 
1 

10-3 

TranapQi 
CI 

PermcatIon 

7 >• 10"3 
1 .4 - 10-2 
2.2 • 10"' 

2.2 - 10- ' 
4.4 

44 

7 . IQ-*" 
1.4 • 10*3 

15 

6.9 • 102 
1.4 « 103 
1.5 - in"* 

4.9 
4.4 X 102 

49 
1.4 • 10^ 

1.4 

2.9 - 10-2 

3.9 • 10'' 
1.2 " 105 
1.2 - 106 

1.2 • 10^ 
3.fl • 103 

2.4 • 103 

t Rate 
/d) 

In se r t i on 

110 
2 20 

no 
2.2 • lO-l 

4.4 
44 

110 
220 

15 

17 
50 
17 

1.7 - 10-1^ 
5 « 10-1 

17 
50 

5 K IQ-l 

34 

19 
60 
19 

6 - 10-2 
6 « 10-2 

19 
: 103 

5 I 2.3 >« 105 60 

V (lO^X) 300 5 • 10-3 15 1 7.6 « iQl 1.9 • lO'^ 

5 1 2.3 " 10^ 6 • 10-2 

V 400 10 10 10'3 7.3 • 103 40 

V (103x) 400 10'2 10 10-3 7.3 4 • IQ-Z 
500 5 >• 10-2 15 10-3 

5 10-3 
2.3 • 103 

4.9 " 10"! 

SS (lOX) 300 lO-** 15 1 1.5 

5 I 4.4 

SS 400 10-2 in 10-3 7.3 

SS (lOX) 400 10-3 10 10-3 7,3 « I Q ' I 

"Units - Cl/(d n Pa^'^] _ 

' '9.6 >̂  103 CI - 1 B t r i t i u m . 

'^Refera to percent t heo re t i ca l denalcy. 

For f e r r l c l c s , iron atoms wero used for inse r t ion c a l c u l a t i o n . 

^Preaenc« of oxide coattnfi at coolant wall aaaumed. 

Oxide coatlnit at coolant wall should reduce effect of Inaa r t lon . 

^For vanadtun a l l o y s , vanadium atoma were used for I n s e r t i o n . 

For s t a i n l e s s s t e e l . Iron acorns were used for Inser t ion c a l c u l a t i o n s . 
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Table 4-3. 

Design 

10Be*'-5V 

10Be''-5Fe 

10Be'̂ -5SS 

10Be-5V (lO^X) 

10Be-5Fe (lO^X) 

10Be-5SS(10X) 

15V(103X)'̂  

5V(103X) 

15Fe (102X) 

5Fe (lO^X) 

15SS (lOX) 

5SS (lOX) 

15V 

5V 

15Fe 

5Fe 

15SS 

5SS 

Summary of Tritium Transport, Wall Invent 
and Coolant Concentation for First Wall, 
Average Temperature 400°C, 10"^ Pa 

Transport 
Rate 
(Ci/d) 

15 

15 

15 

15 

5 

.-* 

5 

15 

2 

6 

0.5 

2 

4900 

15,000 

190 

580 

5 

15 

Coolant 
Steady-State 
Concentration 

(Ci/+)a 

1.5 

1.5 

1.5 

1.5 

0.5 

0.1 

0.5 

1.5 

0.2 

0.6 

0.05 

0.2 

500 

-2000 

20 

60 

0.5 

~2 

Hydrogen 
Solubility 
(ppm Pa~l''2) 

-,800 

-.0.1 

-,0.5 

-,800 

-,0.1 

-,0.5 

800 

800 

0.1 

0.1 

0.5 

0.5 

800 

800 

0.1 

0.1 

0.5 

0.5 

ory. 

Tritium 
Inventory 

(g) 

<56 

<1 

<1 

<56 

<1 

<1 

168 

56 

<1 

<1 

<1 

<I 

168 

56 

<1 

<1 

<1 

<1 

^Coolant volume = 10^ %, ~20 y for decay to equal migration rate if 
no processing is done. 

Porous beryllium with maximum hydrogen internal pressure 10"* Pa. 

"̂ Oxlde barrier at coolant wall, assumed effectiveness. 
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4.2.4 Nuclear Response 

This section presents the nuclear analysis for the first-wall armor 

designs. The two armor materials studied are type 316 stainless steel (316 

SS) for solid Li20 breeder blanket designs and Fe9CrlMo ferritic steel for 

liquid 17Li83Pb breeder blanket designs. Both armors (flat portions of the 

first wall) are assumed to be 13.4 mm thick, and the Fe9CrlMo arraor is cooled 

by the 90% ^Li enriched 17Li83Pb breeder Itself while the 316 SS arraor is 

cooled by light water. Table 4-9 suraraarizes the nuclear response rates of the 

respective armor designs. The neutron wall load and the plant availability 

for the accumulated response rate calculations are assuraed to be 1.8 MW/m and 

100%, respectively. The analysis was performed based on a one-dimensional 

infinite cylinder raodel in which the plasraa center is taken as the cylinder 

axis and all sub-regions (e.g., first wall, blanket, etc.) are represented by 

concentric annuli about the plasraa region. The plasraa and armor surface radii 

are assuraed to be 2.08 m and 2.245 ra, respectively. 

It is found that there exists a substantial difference in the response 

rates between the two armor designs. As shown in the energy breakdown of the 

neutron flux, the difference steras largely frora the difference in the degree 

of the neutron spectrura softening as well as in the nuraber of neutrons. 

Because of the large neutron raultiplication in the Fe9CrlM0 armor/17Li83Pb 

breeder system (due primarily to the Pb (n,2n) reaction), the neutron 

population for energies above 1 MeV in this systera, for instance, is about 30% 

higher than that in the 316 SS arraor/Ll20 breeder system. As a result, the 

atomic displacement is almost proportionally increased in the Fe9CrlM0 arraor. 

On the other hand, the gas production, exhibits larger rates in the 316 SS 

arraor design due to the presence of nickel. Table 4-9 indicates that low-

energy neutrons are raore populated in the ferritic steel armor design. For 

example, in the neutron energy range of 0-1 Mev, the neutron flux in Fe9CrlMo 

is 9.9 X 10 m~^s~^ compared to 3.1 x 10^^ ra"^s"^ in 316 SS. However the 

nuclear heating rate in the ferritic steel arraor is lower than the 

corresponding 316 SS heating rate due to the strong absorption of secondary 

gamma rays in lead of the 17Li83Pb breeder. 

The potential armor erosion does not seem to appreciably alter the 

nuclear perforraance of the arraor design as the reactor operates. For example, 

the nuclear heating rate in the 316 SS arraor varies frora the start-up value of 

19.5 MW/m shown in Table 4-9 to 19.2 MW/râ  after the first 10 mm thick region 
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Table 4-9. Nuclear Response of Flrat-UaH Arnor" 

1. Amor Material 

2. Breeding MaterUl 

3. Atonic Displacement (dpa/yr) 

4. Caa Production (appti/yr) 

a . Hydrogen 

b . Helium 

5. Nuclear Heat ing (MW/ra^) 

6. Neutron Fiux (o"^ s"̂ ) x 10"^' 

a. E > 0 
b. E > 0.1 HeV 
c. E > 1.0 MeV 
d. E > 10.0 MeV 

7. Csmma Flux (n .-') 
E > 0 
E > 0.1 MeV 
E > 1.0 MeV 
E > 10.0 HeV 

316 SS 

1120' 

10.2 

935 
257 

Fe9CtlMo 

17L183Pb"̂  

25.« 

785 
18) 

5.68 
«.23 
2.59 
1.39 

13.3 
11.3 
3.45 
1.37 

2.91 2.45 
2.91 2.45 
1.01 0.843 
7.15 X 10"' 7.06 X 

•Neutron Wall Load: 1.8 MW/m^, plane Availability: lOOZ. Armoc: 13.4 
Firat Wall: 3.0 am HjO (for Ll.o SyateiB)/3.0 on 17Llfi3Pb, followed by 
3.0 mm 316 SS (for H^O Sy3Cem)/4.5 mm Fe9CrlMo. 
''Ll.O: Natural I,Uhlum: 70Z of theoretical denelty. 
C17T 1«lPh- 007 6. ( a. '171.183Pb: 901! *H enrlchnent. 

has eroded. The corresponding Fe9CrIMo heating rate at the 10 mm erosion 

results in about 14.6 MW/m indicating a variation of 10% at most at the end 

of the armor life-time. The potential impact of the armor erosion, from the 

neutronics standpoint is the change of tritium breeding performance in the 

blanket region which surrounds the arraor/first-waH region. 

Figure 4-16 presents the possible variation of tritiura breeding ratio 

(BR), based on full coverage one-dimension of calculations, with arraor 

erosion. The Fe9CrlMo arraor system analyzed employs 90% Li enriched 17Li83Pb 

as a breeder as well as a coolant while the 316 SS armor systera eraploys the 

H2O breeder of natural content. The variation of trituim BR with arraor 

thickness is caused by different raechanisms for the two armor designs. In the 

case of the 316 SS/Li20 system, the primary impact of the armor erosion is 

found in the increase of the Li(n,n'a)t reaction due to the relatively hard 

neutron spectrum characterized in this system as indicated in Table 4-9. On 

the other hand, the Fe9CrlMo/17Li83Pb system enhances the tritium production 

as the armor erodes, primarily through the Li (n, a)t reaction induced by the 

increased number of secondary neutrons resulting from the more effective 

Pb(n,2n) reaction for thinner armor. The results of Fig. 4-16 indicate a 
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potential increase in BR amounting to 0.05 - 0.08 near the end of the armor 

life-time (about 10 ram arraor erosion). However, uncertainties in the 

magnitude of wall erosion and the redistribution of eroded raaterials make it 

difficult to predict precisely the change of tritiura breeding ratio with 

operating tlrae. 

1.6 

ce 

1.4 

1.2 

Fe9Crino ARMOR/17Li83Pb BREEDER 

.316 SS ARMOR/Li^O BREEDER 

1 
5 . 10 

ARMOR THICKNESS, mm 

15 

Fig. 4-16. Effect of armor erosion upon tritium breeding. 
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4.3 Li20 Breeder Blanket 

A summary of the analyses and evaluations performed in support of the 

Li20 breeder first wall/blanket concept is presented in Section 4.3.1. The 

remaining subsections of 4.3 deal with specific related topics: 

Subject 

Design Considerations 

First Wall Materials, Analyses and Design 

Neutronics Analysis 

Li20 Properties 

Tritium Recovery 

Blanket Thermal-Hydraulics 

Blanket Materials Compatibility 

First Wall/Blanket Design 

4.3.1 Summary 

The most iraportant considerations related to first wall/blanket 

mechanical and structural design (Sec. 4.3.2) were (1) choice of breeder/ 

coolant containraent method, (2) Li20 breeder temperature, and (3) the degree 

of first wall/blanket mechanical and structural integration. Sraall-diaraeter 

toroidally-oriented coolant tubes were chosen to contain the high pressure 

water coolant within the breeder zone. This approach is considered to have 

relative advantages over a radial flow (pressurize'd module) approach in 

structural efficiency, neutronics (because of lower volume fraction of 

structure and coolant), compatibility with first wall designs, and certain 

fabricabllity aspects (e.g., no separate helium purge piping system is 

required within the blanket). The method presently assumed for keeping 

breeder temperature at all points within mlniraum and maximum temperature 

limits is to use a ceramic insulator of controlled thickness on the outside of 

the coolant tubes. This is preferable to the use of only a helium-filled gap 

of specified width to control heat transfer at the breeder-to-tube interface, 

because of anticipated difficulties in achieving the very tight tolerances 

necessary for the gap both during fabrication and during blanket operation. 

The first wall and blanket coolant systems and structure were combined. This 

approach eliminates the need for an additional actively cooled front wall for 

the breeding zone, and enhances the tritium breeding by reducing the total 
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amount of structure and coolant. First wall/blanket maintainability and 

availability are considered equal to or better than those for a first wall and 

blanket which are mechanically and structurally separate. 

Pressurized water (260-300°C) was selected for the first-wall and blanket 

coolant. Since the range of operating teraperatures required for acceptable 

LloO perforraance is very limited, the low system AT characteristic of 

pressurized water systems appears necessary for a satisfactory design. The 

relatively low operating temperature is also advantageous for the stainless 

steel structural material, particularly with respect to the effects of 

radiation on the properties. Analyses indicate that pressurized water 

provides significant economic advantages over helium for tokaraak reactor 

applications .^^^ The use of water coolant permits a smaller reactor size or a 

higher fusion power for a given size compared to helium coolant, provides for 

much lower pumping power losses, and results in lower cost of the heat 

transport system. An advanced austenitic stainless steel (designated PCA in 

the alloy developraent program) similar to Type 316 was selected as the 

structural raaterial for the DEMO. Both the raechanlcal properties and 

radiation daraage resistance are considered acceptable for reasonable lifetimes 

at the projected operating teraperatures. Structure teraperatures in a water-

cooled system can be raaintained below the teraperatures at which severe 

dlsplaceraent damage erabrittleraent, heliura embrittleraent, and raaxiraum swelling 

occur. Although data are limited for the projected operating conditions, 

acceptable cheraical corapatlbility can probably be maintained at the low 

temperatures with appropriate design. Steady-state reactor operation is 

iraportant for acceptable wall llfetiraes because of the relatively high thermal 

stress factor associated with stainless steel. The fact that solid breeder 

materials also have a liraited lifetirae because of Li burnup reduces the 

incentive for a very long lifetime structure. As discussed in Sec. 4.2 and 

3.0, one of the raost proraising design options utilizes a beryllium cladding 

bonded to the structural wall to prevent excessive limiter erosion and plasma 

contamination. 

Structural analyses of various coolant channel geometries and sizes for 

actively-cooled first-wall panels were conducted to evaluate tradeoffs between 

therraal, pressure, and bending stresses. Results Indicate that the corrugated 

panels with relatively sraall channels (< 20 ram wide) offer a good coraproraise 

solution. The semicircular cross sections provide the best combination of 
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higher allowable coolant pressures and higher thermal or bending stresses. 

However, the sinusoidal segment cross sections may provide a better choice 

when fabrication aspects are considered. 

Neutronics analyses were performed to evaluate (1) the impact of Li 

enrichment on the tritium breeding performance, (2) the potential for a 

nonbreeding inboard blanket design, (3) the tritium-breeding enhancement 

provided by a neutron multiplier, and (4) the geometrical dependence of the 

nuclear heating and the decay heat for a reference first-wall/blanket 

configuration. The 1-D neutronics calculations indicate that, in the absence 

of a neutron multiplier, the tritium breeding potential of a Li20 blanket 

decreases significantly with Li enrichment above that for natural lithium. 

The maxiraum breeding ratio (100% blanket) for a Li20 blanket with stainless 

steel first wall (13.4 mm thick) is 1.23 compared to a breeding ratio of 1.41 

for the reference design with a 10 mm thick beryllium cladding. Some breeding 

in the inboard blanket appears essential unless an effective neutron 

multiplier is used. Both breeding in the inboard blanket and a neutron 

multiplier may be required if a significant fraction of the outboard blanket 

is nonbreeding as in the case of a poloidal divertor. Beryllium is found to 

be the only effective neutron multiplier for a Li20 blanket. In contrast to 

the STARFIRE design with LiA102 as the breeder material, the beryllium 

multiplier is more effective when placed behind several centimeters of the 

Li20 breeder material. The nuclear heating in the .1120 varies by 

approximately two orders of magnitude frora the front of the blanket to a depth 

of 60 cm. For the reference design the nuclear heating is 13.4 Ml'I/m at a 

distance 5 mm behind the first wall. Although the radioactive products 

(except tritium) generated within Li20 completely decay within a minute, a 

significant fraction of the decay gamma's generated in the stainless steel 

structure are absorbed in the Li20 resulting in significant decay heat for 

longer periods. The total decay power in the first-wall/blanket, which 

amounts to about 14.5 MW (1.6% of the total thermal power) at shutdown, 

decreased to about 3 MW within 7 h and tends to level off at about 2 MW for 

several weeks. 

The physical properties, thermodynamic properties and the effects of 

radiation on the properties and behavior of Li20 have been evaluated in 

detail. Fabrication and handling problems associated with Li20 have also been 

assessed. The raelting temperature of Li20 has now been established as 
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1430°C^'*'^ instead of the higher value of 1700°C given in the STARFIRE 

report. The teraperature dependence of the therraal conductivity is given in 

Sec. 4.3.5.1 as a function of porosity. Uncertainties and variations in the 

data associated with grain size, purity, and radiation effects have not been 

studied in detail. Lithiura oxide is known to be very hygroscopic, reacting 

readily with raolsture to forra LiOH. As a result, high purity LijO is not only 

difficult to obtain but is difficult to raaintain during handling. 

Coraraercially available raaterial typically contains at least 2% of LiOH and 2% 

of LiiCO,. Recent investigations^ °' indicate that the solubility of LiOH in 

LinO is very low. Fabrication of Li20 with sraall grain size and 

interconnected porosity, although difficult, appears feasible. However, the 

stability of this raicrostructure under anticipated therraal and radiation 

environments of a reactor blanket is a major concern. Large weight losses 

have been observed at lOOO^C when Li20 is exposed to vacuum or helium with 

very low moisture concentrations. This is generally attributed to mass 

transfer of LiOH. Also, cheraical effects produced by burnup of lithium and 

displacement damage effects produced by energetic recoils (T and He) are 

predicted to cause sintering and pore closure under certain conditions. 

Preliminary data indicate substantial restructuring of Li20 after irradiation 

at temperatures of 750''C and above. 

Tritiura recovery is considered to be the key feasibility issue regarding 

the viability of Li20 as a tritiura breeder raaterial. Tritiura generated within 

the 112© grains raust diffuse to the surface of the grains, desorb as T2O, and 

migrate through interconnected porosity to a helium purge stream where it is 

transported to the tritium processing system. Similar to the case for 

STARFIRE, a Li20 raicrostructure with sraall grain size (< 1 pm) and a biraodal 

pore distribution is believed to offer the most potential for acceptable 

tritiura recovery. The difficult design probleras arise frora the limited 

operating teraperature range projected for Li20 and the fact that the thermal 

conductivity, although higher than that of the ternary oxides such as LiA102, 

is relatively low (about 4 W/m K at 500°C). Effects that result in a 

projected allowable operating teraperature range between 410 and 670°C for Li20 

are suraraarlzed in Table 4-10. The critical concerns relate to the fact that 

some of the phenomena raay cause irreversible propagatlng-type effects. For 

exaraple, precipitation of LiOT could lead to enhanced sintering at low 

teraperatures. 
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Table 4-10. Basis for Allowable Operating 

Temperature Range of Li20 

Maximum Allowable Temperature 

Radiation-induced sintering 700°C 

Mass Transport of LiOH (1% of TjO) 670°C 

Minimum Allowable Temperature 

Solid state diffusion (1 ym grain) 4I0°C 

LiOT precipitation (160 Pa) 410°C 

This in turn would produce higher tritium partial pressures, and hence, more 

LiOT precipitation and subsequently more sintering. The mass transport of 

LiOT leads not only to a loss of lithiura from the blanket but to possible 

corrosion problems caused by precipitation of liquid LiOT in the tritiura 

processing circuit. Analyses indicate that, in the absence of radiation 

effects, the blanket tritium inventory can be maintained at relatively low 

levels (< 50g in Li20). However, radiation effects are expected to 

substantially increase the tritium inventory, possibly to unacceptable 

levels. Additional experiments are required to raore accurately predict the 

effects of irradiation. 

Thermal-hydraulic analyses have been conducted to evaluate the 

sensitivities of the blanket design, particularly with respect to tritium 

recovery, to variations in breeder physical properties, geometrical parameters 

and power level. Calculations based on specified materials properties data 

and idealized operating conditions were used to determine coolant tube 

spacing, coolant flow rates, and other design specifications required to 

maintain the Li20 breeder within the projected allowable teraperature range. 

The sensitivity studies then provided an indication of the impact on design 

tolerances and operation of performance uncertainties, such as (1) variations 

in therraal conductivity of the breeder caused by density variations or 

radiation effects, (2) variations of coolant tube breeder gap conductances 

caused by thermal expansion effects, creep or fabrication tolerances, and (3) 

power level or coolant flow-rate fluctuations. It was concluded that the 

tolerances required for a designed helium gap conductance (tube-breeder) were 
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too small for use in a practical systera. Also, significant variations in 

coolant tube spacing (and hence coolant, structure, and breeder fraction) are 

required to accoramodate relatively sraall uncertainties. Normal effects such 

as thermal cycling during startup and shutdown, and lithium burnup have not 

been analyzed in detail but are a major concern. Preliminary analyses have 

also been conducted to evaluate the flow characteristics of the helium purge 

stream. Further analyses are required to evaluate effects caused by flow 

reductions in both the coolant and the heliura purge gas. 

The raaterials corapatlbility issues include breeder-structure, coolant -

structure, and breeder-coolant corapatlbility. The first two issues involve 

normal operation whereas the breeder-coolant compatibility is of interest only 

in the event of off-normal conditions such as a coolant leak into the breeder 

region. Limited data from short-terra (< 2000 h) sealed capsule experiments 

indicate that the reactivity of LI2O with stainless steel is probably not 

excessive. However, no data exist under the more severe conditions of 

appropriate oxygen and moisture pressures. Potential approaches for reducing 

breeder-structure reactions include coating of the steel surfaces with nickel 

or an oxide such as AljOj. The potential for stress corrosion cracking of 

cold-worked austenitic steel under attainable conditions should be assessed in 

more detail. The irapact of tritiura or hydrogen containment has not been 

evaluated in detail. In the event of a water leak into the breeder region, 

pressurlzation of the breeder region and formation of corrosive LiOH will 

occur. The combination of high pressure, significant heat of reaction, and 

potentially high velocity as a result of turbulence frora a leak could lead to 

rapid corrosion of adjacent structural raaterial with a potential for a 

propagatlng-type failure. More detailed analyses must be conducted to assess 

the severity of a coolant-breeder reaction that would result from a coolant 

tube leak. 

The interim Li20 breeder first wall/blanket design (Sec. 4.3.9) is 

Illustrated in Fig. 4-17 and raaior oarameters are listed in Table 4-11. The 

first wall and blanket are integrated mechanically and structurally into 

modules, which are assembled into eight blanket sectors identical except for 

local variations required for other reactor components (e.g., REB current 

drive launcher). The first wall is a beryllium-clad corrugated panel, with 

channels of circular segment cross section. The breeder and first wall are 

cooled by high pressure (11.0 MPa), high temperature (260°C inlet, 300°C 

4-40 



Figure 4-17. Li20 solid breeder reference blanket desi gn. 

ELECTRICAL 
INTERSECTOR 

, JUMPER 

-- SECTOR FRAME 
(SEPARABLE FROM 

MODULE) 

Table 4-11. STARFIRE/DEMO Li20 Breeder Reference First Wall/ 
Blanket Concept Description , 

Selected HaCectala 

- Tritium Breeder 

- Coolant 

- TrlCluiB Procesotng Fluid 
- Structure 

LljO (solid; 70Z d.f.) 
PceoBurlied H2O (II.0 HPe) 

- Inlet temperature 260*C 
- Outlet tempecature 300*0 

Low-velocity Heliura (0.05 MPa) 
ntanluB-niodlEled Auatenltlc 

- Stainless Steel 

Selected Design Opclons 
- First Mall 

- Breeder Coolant Containment 

- Other 

Be-clad Corrugated Psni 
Snall-dtametar Tubes 

- Plrat wall and blanket mechanically and structurally 
Integrated 

- Coolant flow In toroidal direction 
- Dual parallel primary coolant loops 

- llalnCenance by sector removal and replacement 
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outlet) water. The breeder coolant Is contained in small-diameter tubes 

connected to inlet and outlet manifolds at the rear of the blanket. The Li 0 

breeder is fabricated at 70% of theoretical density with bi-modal porosity to 

enhance tritium release. Helium purge gas at approximately 1 atm flows 

through 2-mra diaraeter holes in the breeder to remove tritiura. 

Dual parallel priraary coolant loops are provided to effect safe removal 

of afterheat in the event of a coolant circuit failure. Maintenance of the 

first wall/blanket is performed by sector removal and replacement, to minimize 

downtime. 

4.3.2 Design Considerations 

Table 4-12 lists raost of the principal considerations, issues or 

concerns, and candidate design detail options involved in the mechanical and 

structural designs of the Li20 breeder first wall/blanket. AlthouEh raanv of these 

issues were previously addressed In the STARFIRE study for the LiA102 breeder 

blanket; they have been reconsidered for the Li20 breeder within the context of 

STARFIRE/DEMO objectives and pararaeters. 

The information in the table assuraes the selection of first-wall blanket 

materials: austenitic stainless steel structure (Sec. 4.3.8); pressurized 

water coolant (Sec. 4.3.3); heliura purge gas (Sec. 4.3.6); and Li20 breeder. 

Issues and options pertaining specifically to other materials are not shown. 

The reasons for the importance of the listed issues, and the advantages 

and disadvantages of the various design detail options, are discussed in 

Sections 4.3.3 and 4.3.9 together with the rationale supporting the options 

selection for the reference first wall/blanket design configuration. 
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Table 4-12. Design Considerations for Li^ 0 Breeder Blanket 

Consideration 

First wall design 

Primary Issues or Concerns 

o PJasma disruption loads 
o Rel iabi l i ty against leaks 
o Thermal-hydraul ics 

Opt ions 

Coolant containment method: 

Tiises 

Panels 
- Front wall of large 

pressurized blanket 
modul e 

First wall/blanket coupling o Effects on breeding rat io 
Maintainabil ity/avail ab i l i t y 

Integrated with or separable 
from blanket 
- Structurally 

Mechanical ly 

Breeder temperature control Thermal conductance at 
breeder/coolant tube in 
interface 

HeliLin gap 
Controlled-thickness ceramic 
insulation on coolant tubes 
(Others to be determined) 

Breeder coolant containment Rel iabi l i ty against leaks 
Structural coolant volume 
minimization 
Structure temperature l imi t 
Coolant pressure, AT, T 

Coolant containment in breeder 
zone: 

Small-diameter tubes 
- Panels 

targe pressurized modules 

- Large-diameter tiises 

Plenum location: 

- Module ends (toroidally) 

Rear of blanket 

Coolant flow direction 

Energy conversion system Thermal energy recovery 

efficiency 

Component capita] costs 

Pumping power losses 

Heat exchanger options: 

Intermediate heat exchanger 

(IHX) 

Steam generator: 
- Single wal 1 tubes 
- Double wall tUbes 

Safety Effects of breeder/coolant 
contact in accident 
Blanket afterheat removal 

Blanket protection methods: 
- DoLiDle walled coolant ti i ies 
- Relief (blow-out) plugs 
- Module walls designed for 

fu l l coolant pressure 
Afterheat removal: 
- Dual parallei coolant 

c i rcui ts 
- Emergency coolant c i rcu i t 
- Via radiation and 

conduction only 
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4.3.3 First -Wall 

Critical aspects of the first wall that relate to plasma-materials inter

actions, and hence are generally insensitive to the blanket concept, are pre

sented in Sec. 4.2 above. Those aspects that relate more specifically to the 

blanket materials selection are presented in this section for the Li20 breeder 

blanket concept. Many factors regarding solid breeder first-wall/blanket 

concepts were evaluated in considerable detail in the STARFIRE study 

Those factors that are relevant for the Li20 blanket concept are only briefly 

summarized here. In particular, selection of the reference first-wall/blanket 

coolant for the DEMO is the same as for the STARFIRE design. A major focus of 

the present study is a raore detailed thermal-hydraulic and stress analysis of 

proposed first-wall designs. Important aspects of the materials selection are 

summarized below and the proposed design configuration is presented. 

4.3.3.1 Materials Selection 

Coolant Selection 

The choice of coolant has a major impact on the selection of other blanket 

materials, reactor operating parameters, the energy conversion system, shield

ing, maintenance and repair, tritium systems, and reactor building design. 

Although lithiura, helium, water and molten salts have all been proposed as 

potential reactor coolants, water and heliura are considered to be the 

preferred candidates for solid breeder blanket concepts . Pressurized 

water was selected for the STARFIRE design and is chosen for the Li20 breeder 

concept. Important advantages associated with the choice of water coolant 

include: 

• Operating temperature is compatible with Li20 breeder requirements. 

• Operating teraperature is compatible with structural material require
ments. 

• First-wall heat fluxes can be accommodated. 

• Sufficient radiation attenuation (no loss of shield space). 

• Manifold sizes are tolerable. 

• Recirculating power is minimal. 

Since the range of operating temperatures required for acceptable Li20 perfor

mance is very limited (see Sees. 4.3.5 and 4.3.6), the low system AT character-
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Istic of pressurized water systems appears necessary for a satisfactory design. 

The low operating temperature is also advantageous with respect to radiation 

damage effects of the structural materials. 

The primary feasibility issue associated with water coolant relates to 

control of tritium permeation into the coolant. A critical design problem 

involves accommodating the high pressure coolant. The major penalty associated 

with pressurized water is the limited energy conversion efficiency attainable. 

The primary safety concern relates to pressure transients and formation of 

corrosive LiOH in the event of a coolant leak into the breeder zone. 

Key factors in the elimination of helium as a candidate coolant include: 

• Difficulty or inability to design within the temperature limits 
for Li20. 

• Neutronic (shielding/breeding) penalty associated with helium, 
particularly the loss of Inboard shielding efficiency. 

• No satisfactory structural material for use in high temperature helium. 

• Potential helium leakage into plasma chamber and difficult leak 
detection. 

• Limited first-rfall heat-flux capability. 

• High pumping power requirement. 

• High pressure/large manifold requirement. 

Design of a functional helium-cooled Li20 first-wall/blanket system within the 

proposed constraints is questionable. Probably the most severe criterion 

relates to the limited operating temperature range for Li20. 

Structural Material Selection 

The selection of candidate structural material for the first-wall blanket 

of solid breeder concepts has been extensively evaluated in several designs, 

particularly the STARFIRE^ \ INTOR^ ' , and UWMAK-II^ ' designs. Conclu

sions from these studies in addition to results generated in the fusion 

materials alloy development program Indicate that austenitic stainless steel 

is the primary candidate structural material. Ferritic steels are considered 

as the backup structural material. Vanadium-base alloys, which are considered 

to be attractive structural materials for liquid metal blankets, may not be 

acceptable because of compatibility limitations with Li20 and potentially ex

cessive tritium permeation rates for water-cooled systems. Table 4-13 lists 
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Table 4-13. Alloy Systems That Have Been Eliminated as Prime Candidate 
First-Wall/Blanket Structural Materials. 

ALLOY PRIMARY LIMITATIONS 

Aluminum Poor mechanical properties at elevated 
temperature. 

Loss of ductility caused by high trans
mutation rates under irradiation (He, H). 

Compatibility with liquid metal breeder. 

Molybdenum Difficult fabrication/welding 

Effect of radiation on DBTT 

Nickel Loss of ductility under irradiation 

Compatibility with liquid metal breeder 

Hydrogen interactions 

Phase stability under irradiation 

Low thermal conductivity 

Niobium Generally less desirable than vanadium. 

Loss of ductility under irradiation. 

Long-term activation 

Resource limitations 

other structural materials that have been considered or proposed in various 

designs and the primary reasons these alloys have been eliminated as candidate 

structural materials for the DEMO design. Table 4-14 summarizes the impor

tant favorable and unfavorable characteristics of austenitic stainless steel 

(primary candidate alloy - PCA) and the commercial ferritic steel (HT-9). 

The radiation daraage resistance of advanced austenitic stainless steel 

(PCA) appears to be adequate for the water-cooled solid breeder blanket con

cepts. Structure temperatures in a water cooled system are below the tempera

tures where severe displacement damage embrlttlement, helium embrlttlement 

and maximum swelling occur. Also, the mechanical properties are not substan

tially reduced at these temperatures. Steady-state reactor operation is im-
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Table 4-14. Favorable and Unfavorable Characteristics of Prime 
Candidate First-Wall Structural Alloys. 

ALLOY SYSTEM FAVORABLE CHARACTERISTICS UNFAVORABLE CHARACTERISTICS 

Austenitic 
Stainless Steels 
(316, PCA) 

Good fabricability/welding 
ability 

Extensive property data
base 

Availability/experience 
factor 

Compatible with H2O, Air, 
H 

Physical Properties (k,a) 

Limited operating temp
erature (radiation 
effect and mechanical 
properties) 

Requires thermomechanical 
treatment (cold-work) 

Ferritic steels Low radiation swelling 

Better physical proper
ties than austenitic 
steel 

Compatible with H2O, Air, 
H 

Effect of radiation on 
DBTT 

Welding difficulties 
(PWHT) 

Sensitivity to TMT 

Ferromagnetic property 

Limited radiation data 
base 

portant for acceptable wall lifetimes because of the relatively high thermal 

stress factor associated with stainless steel. The fact that solid breeder 

materials also have a limited lifetime because of Li burnup reduces the in

centive for a very long lifetime structure. 
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4.3.3.2 Stress Analysis 

An iraportant aspect of the first wall design with pressurized water 

coolant is the coolant channel configuration. Four options have been analyzed 

for stress in the present report: (1) grooved channel in the back of the 

first wall covered with a flat plate, (2) solid first wall with a corrugated 

panel in the shape of a sine wave, (3) solid first wall with a corrugated 

panel in the shape of an arc of a circle, and (4) solid first wall with a 

corrugated panel in the shape of a semi-circle. 

The four configurations are compared for the same width (W). The 

sinusoidal panel and the circular arc panel are compared for the same width to 

height (W/h) ratio. 

Analysis of a Flat Plate (thickness, h) 

The maximura bending stresses for an internal pressure, p, are 

and the maximum primary shear stress is 

TPiz) (̂ -2) 

If the average teraperature of the first wall exceeds that of the flat 

plate by AT, the raerabrane stress in the flat plate (assuraing that the first 

wall is rigid corapared to the plate) is 

o = EoAT (4-3) 

where 

E = elastic raodulus of the plate, and 

a = coefficient of therraal expansion of the plate. 
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Analysis of a Sinusoidal Panel 

The sinusoidal panel has been analyzed in the same fashion as reported in 

[1] except that the contribution of shear strain energy which was neglected in 

[1] is taken into account in this report. Only the final results are given 

here. The maximum primary membrane stress (P^) intensity due to internal 

pressure occurs at the midpoint (A) of the corrugation and is given by 

(A) 2pR ,, „ „, X 
% = - ^ (I - Cos B) Y (4-4) 

where 

_ -1 1 - 4 (H/W)^ 
= Cos [ ^ ] , 

1 + 4 (H/W) 

R = 
W n + 4 (H/W)^1 

16 (H/W) 

X = g -gin B + 1 g + Sin g + i2l! (g + sin g - 2e Cos B) 
Eh 2 Gh ^^3 

2 
Y ^ 2g + Sin 2B ̂  3 2S - Sin 2B ̂  12R^ (̂ g + jg Cos 2g - 3 Sin 2B), 

Eh 2 Gh ^^ 

G = shear modulus of the panel. 

The maximum primary membrane plus bending stress intensity (Pĵ  + Pp) 

occur at the edges (C) where the panel is roll bonded to the first wall. The 

membrane stress is given by 

^ (C)^^ (A) _2£R ^̂  _^^^ ĝ  (4-5) 
m m h 

and the maximum bending stresses are given by 

2 2 Y 
^ (C)^ - 6£R_ j_^ ^ SiS_6 + 3 (1 - Cos g) - 2 (1 - Cos g) f] (4-6) 

h 
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The primary shear stress is given by 

(C) 2pR „, „ 1 W 
^ ' = - ^ Sin B = J p - (4-7) 

If the average teraperature of the first wall exceeds that of the panel 

by AT, the raaxiraura thermal stresses occur at the edge and the center of the 

panel. However, the total priraary plus secondary stress is raaxiraura at the 

edge where the panel Is roll bonded to the first-wall. 

The raerabrane therraal stess is 

a = 4EaAT ^l" ^/Y (4-8) 
ra bn ' 

and the maximum thermal bending stress is 

o^ = ± o ^ (1 - Cos 6) ^^-9) 
b m h 

Analysis of a Circular Arc Panel 

As in the case of the sinusoidal panel the maximum primary membrane 

stress occurs at the center (A) of the panel and is given by: 

(A) pR ,̂ 4 Sin B, 

where 

2 2 

Z = 26 + Sin 2B ± I I (2B - Sin 2B) + 12 \ (2B + Sin 26 - ^ ^g" ^ 
h 
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Bis defined after Eq. 4 and R is the radius of the circular arc. The maximum 

primary bending plus membrane stress occurs at the edge (C) of the panel where 

it is bonded to the first wall. The priraary membrane stress is given by 

='m̂ '̂  -m^'^ - ^ 3 - ^ ( 1 - cos g) ,̂_̂ ^̂  

and the primary bending stress is given by 

2 2 ('4-12) 
(C) R Sin B (1 - Sin B/B) , 6pR.., ^ „̂  ^ (A)R 

a - + [24p 2 n ^ + - ^ (1 - Cos g) - 6 0 "• '̂- (1 - Cos 6)1 
h h m h ' 

and the primary shear stress is 

t Y P h" ('4-13) 

As in the case of the sinusoidal panel, the thermal membrane stress at the 

edge of the panel is given by 

a ''^^ = 2EaAT Sin 2g/Z (4-14) 

and the bending stress at the edge of the panel is 

Oĵ '̂̂ ^ = ? 24EaAT ̂  [Sin 8 (1 - •̂ ŷ-̂ )/Z - Sin 6 (1 - Cos g)/Z] (̂ -15) 

and the maximum shear stress at the edge due to thermal loading is 

T̂ *̂ ^ = 6EaAt Sin%/Z (̂ "16) 

Analysis of a Semicircular Panel 

All the stresses for this case are obtained by substituting g = Tt/2 in 

Eqs. 10-16. 
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Results and Conclusions 

The raaxiraura stress intensity at any point is defined by twice the maximum 

shear stress at that point. The maxiraum priraary stress intensity ("Pj^,) as a 

function of the panel wall thickness for unit pressure Is plotted in Fig. 4-18 

for the four georaetrles and for three values of the width (W). The width to 

height ratio of (W/h) for the sinusoidal and circular arc panels are taken as 

4.0. Note that the lowest primary raerabrane stress occurs for the semicircular 

case. For widths greater than 10 rara and thicknesses less than 4 mm the 

priraary raerabrane stress in the circular arc is less than that in either the 

flat plate or the sinusoidal panel. For small widths (W ~ 5 mm) the 

difference between the four geometries is small. Since the maximum coolant 

pressure p = 15 MPa, the primary raerabrane stresses are rather small 

particularly for widths < 10 rara, and the primary stress intensities are less 

than the allowable S_ values for either annealed or cold-worked type 316 SS. 

Fig. 4-19 shows a plot of the raaxiraura priraary local membrane plus bending 

stresses for the various cases. For sraall widths [~ 5 ram) both the flat plate 

and the sinusoidal panel have the minimum stress. However, the difference 

between the various geometries is not large. For larger widths and smaller 

thicknesses, bending predominates, and as expected, the semicircular panel 

provides the lowest stress intensity and the flat plate the highest stress 

intensity. The 5 mm width panels of all four geometries satisfy the 1.5 Ŝ^ 

requirement of either annealed or cold worked type 316 SS for all thicknesses 

considered. The same is true for 10 mm wide panels provided the thickness is 

greater than 2.5 mm. 

Fig. 4-20 shows the variation of raaxiraum thermal stress for a difference 

of AT in the average teraperatures of the first wall and the panel. Again, as 

expected the semicircular panel provides the lowest stress followed by the 

flat plate and the sinusoidal panel. The circular arc panel experiences the 

largest therraal stess at the points of attachraent to the first wall due to 

bending. Fig. 4-21 gives a plot of the total priraary plus secondary stress 

for panels of width 10 mra and for AT = lOflCc and AT = 50Cc. The figure also 

shows the allowable 3 S^ limits for both annealed and cold- worked type 316 

SS. Note that whereas the 3 S^ limit for the cold-worked raaterial is 

satisfied by all georaetrtes at both temperatures, the annealed material is 

acceptable only for the semicircular panel. For a AT of 50°C the flat plate 
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and sinusoidal panels also satisfy the 3 S^ limit of annealed 316 SS for all 

thicknesses considered. Although from the viewpoint of stress the 

semicircular panel is the most desirable, consideration of cooling efficiency 

and cost of fabrication might indicate the sinusoidal panel to be the optimura 

choice. 
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(1) 

4.3.3.3 Thermal Hydraulics Analysis 

The first wall design is based on the use of coolant panels as shown 

schematically in Fig. 4-22. It may be noted that in contrast to STARFIRE 

design studies, the corrugated surface of the coolant panels are assumed to 

face away from the plasma direction. This makes thermal hydraulic modeling of 

the high flux region (essentially a flat plate) simpler and, possibly, the 

application of a low-Z coating (e.g.. Be) easier. To evaluate the design 

problems associated with pressure stresses and thermal stresses (for steady-

state operation), a detailed thermal hydraulics analysis was not necessary. 

For an operating range of coolant temperatures (1^^ = 260°C, T̂ ^̂ . = 300°C) and 

pressure (10.34 MPa, 1500 Psla), the internal conditions of the coolant panels 

(e.g., temperature) are fixed. The temperature gradient across the coolant 

panels can be estimated based on ~ 50°C/MW/mm for PCA stainless steel as the 

structural raaterial. 

BERYLLIUM 

PCA ST STL 

COOLANT CHANNEL 

Figure 4-22. First wall configuration for Li20 solid 
breeder reference blanket design. (All 
dimensions are in mm.) 
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4.3.3.4 Design Configuration 

The first wall design configuration for the Li20 solid breeder reference 

blanket is illustrated in cross section in Figure 4-22 . It consists of two 

eleraents: (1) a 10-ram thickness of beryllium clad; and (2) a coolant panel 

consisting of a 4-ram flat plate welded to a 3.5-mm corrugated plate. The 

first wall is mechanically and structurally integral with the breeding 

blanket. First wall support and manifolding are Included In the blanket 

description given in Section 4.3.9. 

The coolant panel concept selected is very similar to that chosen for the 

STARFIRE reference deslgn^l^• The rationale for its selection over other 

configurations parallels that for STARFIRE and will not be repeated here. 

The berylliura clad, together with the protective beryllium coating In the 

liraiter, acts as part of the impurity control system for STARFIRE/DEMO. It 

provides a single low-Z material covering all surfaces Inside the plasma 

chamber which may undergo physical sputtering. Application of the beryllium 

to the flat stainless steel plate would be accomplished by plasma spraying or 

by explosive bonding of beryllium blocks to the panel. Both methods appear 

feasible, but further work is required. Grooving of the beryllium to relieve 

therraal stresses during normal operation does not appear to be necessary 

because the steady-state nature of STARFIRE/DEMO operation will subject the 

first wall to only a low number (<10^) of thermal stress cycles. However, 

grooving may be desirable to reduce eddy currents and induced stresses during 

a plasraa disruption. 

The coolant channels are formed by resistance seam welding the corrugated 

and flat sheets together. The cross section of each channel is a circular 

chord segment, which provides adequate strength to contain the 11.0 MPa (1600 

psi) coolant, while miniraizlng the amount of water coolant present in the 

first wall to keep tritium breeding as high as possible. The resistance weld 

which joins the sheets is considered to be the best weld type in terms of 

maintaining the radiation damage resistance level of the 20% cold worked PCA 

stainless steel. 
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4.3.4 Neutronics Analysis 

4.3.4.1 Tritium Breeding 

The solid lithium oxide (Li20), which has been one of the most 

extensively studied breeder materials for fusion reactor applications, 

possesses several salient advantages in comparison with other candidate 

tritium breeding materials. The high potential for tritium production, the 

possible elimination of neutron multiplier because of the high breeding 

capability, and low neutron-induced activation are among those favorable 

features associated with the use of Li20 in fusion reactor designs. It should 

be noted, however, that whether blanket designs based on the use of Li-O could 

eliminate the need of any additional neutron amplification for sufficient 

tritium production depends strongly upon the overall reactor design concept. 

The design considerations that must be taken into account in this regard 

include: (1) whether the inboard blanket is used for tritium breeding; (2) 

how much of the outboard blanket volurae raust be set aside for the impurity 

control system (e.g., divertor or liraiter) and the plasma heating systera, and 

(3) first wall/blanket design details such as the thickness of the first wall 

and amount of structure and coolant in the blanket. The neutronics effort in 

this section is, therefore, devoted to scoping the tritium breeding capability 

of Li20 blanket designs so that one can identify the impact or constraints on 

these pertinent design considerations. » 

The neutronics model used for the analysis is the same as that described 

in Section 4.2.4; namely, a full coverage, one-dimensional model. The 13.4 

mm-thick 316 SS-base armor is cooled by light water (3-iran thick region) which 

is separated from the breeding blanket by a 3-mm thick corrugated 316 SS 

panel. The breeding blanket is neutronically represented by a homogeneous 

mixture, (90 V/0 Ll.O + 5 V/0 316SS + 5 V/0 H2O). Li20 is assumed to be 70% 

of the theoretical density including the design porosity for tritium 

extraction. Fig. 4-23 displays the tritium BR as a function of Li enrichment 

for two armor designs; (1) 13.4 mm thick bare 316 SS armor; and (2) 3.4 mm 

thick 316 SS armor coated by 10 mm thick beryllium. It is found that for both 

armor designs in the absence of a neutron multiplier, the natural lithium 

systems result in the highest BR's. The substantial decrease in the 

^Li (n, n'a)t reaction with fewer Li atoms is the reason for lower BR at 

higher ^Ll enrichment. The result shown in Fig. 4-23 is consistent with the 
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Figure. 4-23. Effect of ^Li Enrichment Upon Tritium Breeding 
for Li20 Breeder Blanket Designs. 
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analysis of Ref. 77B. At the reactor start-up, the bare-armor system can 

yield a BR of about 1.23 which would increase to about 1.29 after the first 10 

mm thickness of 316 SS has eroded. In the case of the Be armor design, the 

initial BR is significantly higher than the bare-armor case (1.41 vs. 1.23), 

but the BR will eventually drop significantly as the beryllium is eroded. The 

breeding gain in the Be-coated system results from (1) an increase in 

the Ll(n,n'a)t reaction rate due to the thinner 316 SS armor and (2) an 
6 

increase in the Li(n,a)t reaction rate due to the neutron amplification by 

the Be(n,2n) reaction. For example, the Be(n,2n) reaction rate for the case 

with natural lithium shown in Fig. 4-23 amounts to about 0.18 per fusion 

neutron. 

The impact of a non-breeding inboard blanket design upon the tritium 

production rate was examined by replacing the inboard blanket composition by 

(95 V/0 316 SS + 5 V/O HjO). The result is shown in Table 4-15 and corapared 

to the case of the full breeding blanket design. The analysis is based on a 

one-dimensional infinite cylinder model in which the toroidal axis of the 

reactor is taken as the cylinder axis, and the inboard and outboard sub-

regions as well as the central plasma region are represented by concentric 

annuli about the axis. The plasma major and minor radii are assumed to be 5.2 

m and 1.3 m, respectively, and the plasraa scrapeoff region size is taken to be 

0.165 ra on both sides of the plasma region. 

Table 4-15 indicates that the reduction in th^ BR caused by the placement 

of the non-breeding inboard blanket amounts to about 26% relative to the full 

breeding coverage case. Although the analysis shown is based on a very 

approximate model, it is very likely that the net BR becomes less than unity 

with a complete lack of tritiura production in the inboard blanket. In fact, 

the INTOR analysis^ ' which has been perforraed for a similar Li20 blanket 

design by making use of a three-dimensional Monte-Carlo model shows that the 

complete elimination of the inboard breeding results in a BR of only about 

0.97 compared to a BR of 1.28 for the 100% breeding surface coverage. The 

effect of partial tritium breeding in the inboard blanket is examined in Fig. 

4-24 which shows the relationship between the fraction of non-breeding zone in 

the outboard blanket and the required inboard breeding zone thickness. The 

relationship is shown for several net BR's of practical interest. The 

nonbreeding fraction shown in Fig. 4-24 is defined as the ratio of a 

nonbreeding zone volume (or its area at the armor surface) to the total 
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Table 4-15. Effect of Inboard Tritium Breeding for 
DEMO/LljO Breeder Blanket Designs^ 

(1) 

(2) 

Inboard Blanket 

Structure 

Coolant 

Breeder 

Tritium Breeding 

6̂ 

h 
Total BR 

Case A 

316 SS (5%) 

H2O (5%) 

Li20'' (90%) 

0.927 

0.293 

1.220 

(1.234)'^ 

Case B 

316 SS (95%) 

H^O (5%) 

~ 

0.693 

0.209 

0.902 

Armor: 13.4 mm 316 SS 
I 

First Wall: 3.0 mm H^O 

3.0 mm 316 SS Plate 

Outer Blanket: 666 ram (90% Li2o'' + 5% 316 SS + 5% H O ) 

b 
LijO: Natural lithium; 70% of theoretical density 

One-dimensional infinite-cvlinder calculation without toroidal curvature effect 
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outboard volurae (or its surface area). The non-breeding zones considered 

Include several major penetrations such as the limiter opening (or divertor 

slot) for impurity control and the REB duct for plasma heating. The result of 

Fig. 4-24 indicates that the non-breeding fraction raust be less than 15-25X at 

most for a wide range of the net BR requirement. The Implication is that It 

is quite difficult for self-sufficient fuel production, and in the absence of 

a neutron multiplier, to implement too large an outboard space allowance, 

e.g., an allowance for a divertor system which could take up about 20-30% of 

the outboard region. In the case of accommodation of a limiter opening as 

well as an REB duct, which is expected to result in a nonbreeding fraction of 

about 15%, the Inboard breeding zone thickness required for a net BR criterion 

of 1.0 to 1.08 Is estimated to be about 0.2 m to 0.65 ra. It appears that such 

a thick inboard breeding blanket has a non-trivial irapact on the required 

thickness for the inboard radiation shielding. The increase in the Inboard 

distance frora the first wall to the raagnet, A__, will be roughly 40% of the 

breeding blanket thickness. This is a large penalty since the fusion power 

decreases by ^ 1% for every one centiraeter increase in A_„ assuraing fixed 
Bo 

maxiraum raagnetic field and plasraa beta. 

The tritium breeding can be enhanced by use of neutron multipliers. The 

breeding enhancement has two obvious impacts on the design: (1) the potential 

for a complete eliraination or substantial curtailment of the inboard breeding, 

and (2) a substantial reduction of breeder raaterial inventory as well as the 

associated tritium inventory. Table 4-16 shows the effect of a beryllium 

multiplier on tritiura breeding for two different blanket material layouts. 

Systera B is regarded as a more or less conventional design in which the 

multiplier is placed in front of the Li20 breeder zone. In System A the 

berylliura raultiplier zone is sandwiched by two Li20 regions as studied in the 

UWMAK-II design.^ ^ Both Systeras A and B employ an 80 mm thick Be zone (100% 

of the theoretical density) without Internal coolant and a L1,0 breeder with 

30% enriched Li. Systera B yields a BR of about 1.36, which is about 0.13 

greater than the case without a raultiplier, whereas System A enhances the 

tritium production by more than 0.32. The substantial breeding enhancement in 

Systera A stems largely from the blockage of neutron reflection into the 

armor/first-wall region thereby drastically decreasing the parasitic neutron 

loss in this pre-blanket region. In fact, the BR in the first bank alone (40 

rara thick) in System A amounts to about 0.71, which is slightly below one-half 
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Table 4-16. Effect of Blanket Material Selection Near 
the First Wall upon Tritium Breeding 

(1) 

(2) 

(3) 

Material Layout 

Bank 1 (4 cm) 

Bank 2 (4 cm) 

Bank 3 (4 cm) 

Bank 4 (54.56 cm) 

Tritium Breeding 

^6 

^7 

Total BR 

Neutron Balance/DT 

Net Current into Blanket 

Reflection at Interface 

Net Loss in Pre-Blanket 

Neutron Multiplication in Be 

Leakage to Shield 

1 

0 

1 

System A 

Lî o'' 

Bê  

Be^ 

Li20'' 

410 (0.646"^) 

146 (0.068) 

556 (0.714) 

0.997 

0.549 

0.003 

0.520 

0.0057 

System B 

Bel' 

Be'' 

Li20^ 

Li^O^ 

1.249 

0.109 

1.358 

0.652 

0.812 

0.348 

0.727 

0.0057 

Li 0: 5% SS + 5% HjO + 90(63)% Li^O [30% Li enrichment] 

''Be: 100% Be 

Bank 1 BR only 

j"/j at the interface between the first wall and blanket 
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of the total BR. In the case of System B, a majority of the secondary 

neutrons generated by the Be (n,2n) reaction, which are more than in System A, 

tend to be lost In the preblanket region due to the strong neutron back-

flow. As shown in Fig. 4-25, the blanket designs based on the concept of 

Systera A can yield a continuously increasing BR with thicker multiplier while 

the conventional designs based on the Systera R configuration show a raaxiraura BR 

at a berylliura thickness of about 50mm. The breeding perforraance of the 

blanket designs based on the forraer concept is not significantly influenced by 

the raaterial choice in the region following the second Li20 breeder zone. 

Table 4-17 corapares the tritium BR for five material choices (priraary 

constituents of (1) Li20 breeder itself, (2) graphite, (3) silicon dioxide, 

(4) stainless steel, and (5) a corabination of graphite and stainless steel) in 

this deep blanket region. The result of Table 4-17 along with the result of 

Fig. 4-26 which displays the accumulation of bred tritium, indicates that the 

required breeding blanket thickness can be substantially reduced by making use 

of any of these material compositions. For example, the systera of Case 5, 

which has a graphite reflector followed directly by a 316 SS-base shield, can 

yield a BR of about 1.35 with a breeder zone thickness of only 120 mm. 

Assuming a full breeding blanket coverage and a first wall surface of about 
2 

400 ra", this systera has a breeder (Li20) inventory of about 60 MT and a pure 

lithiura (30% Li enriched) inventory,of about 18 MT. These figures are 

corapared to the a-LlAlO inventory of about 605 MT and the lithium (60% ̂ Li 

enriched) inventory of about 64 MT in the STARFIRE [1] design which yields a 

net BR of 1.04 (ID-RR of 1.21). The surface area of the first wall in 

STARFIRE is about a factor of two larger than that in the DEMO; therefore, the 

difference in the blanket concept alone results in more than 40% reduction in 

the lithiura inventory. 

One of the concerns associated with the use of a Be raultiplier is the 

possibility of tritium production in Be because the threshold energy for the 

Be (n,t) reaction Is 11.6 MeV and the cross section araounts to about 20 mb 

around the source neutron energy. The relatively long half-life 

(approximately 12.3 yr) of tritiura leads to a continual increase of tritiura 

Inventory in the multiplier region without saturation, over the entire life

time of the DEMO plant. For exaraple, at an integral wall load of 10 MW-yr/m^ 

after reacter start-up, the tritium inventories becorae -1.6 Kg, -2.5 Kg, and 

and "1.3.1 Kg for beryllium thicknesses of 40 mra, 80 mm, and 
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Table 4-17. Effect of Material Selection in Deep Blanket Region 
upon Tritium Breeding 

(1) Tritium Breeding 

Tg BR 

T^ BR 

Total BR 

Bank 1 (4 cm) 

Bank 2 (8 cm) 

Bank 3 (8 cm) 

Bank 4 (46.56 cm) 

Li20 

Be 

Li20 

X 

Material in Bank 4 

Li 0^ c'' SiÔ '̂  Shield'̂  C^'^/Shield 

1.410 1.250 

0.146 0.108 

; .556 1.358 

1.242 

0.107 

1.349 

1.209 

1.106 

1.315 

1.243 

0.107 

1.350 

^90% Li20 + 5% SS + 5% H2O 

1̂ 90% C + 5% SS + 5% H2O 

=̂90% SIO^ + 5% SS + 5% H2O 

"̂ 90% SS + 10% H2O 

•̂ 12 cm c'' + 34.56 cm Shield 
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Figure 4-25. Effect of First-Bank Material Selection Upon Tritium 
Breeding for Be Multiplier/Li20 Breeder Blanket Designs. 
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120 mm respectively, in a System A blanket design described in Table 4-15. 

The estimate is based on a total fusion power of 900 MWth. The inventory 

shown is expected to be on the same order of magnitude as the anticipated 

steady-state tritiura inventory in the Li20 blanket. Provisions for removal of 

the tritium from the beryllium region are, therefore, warranted in such a 

design. Another concern with the use of beryllium, and neutron multipliers in 

general, is the substantial increase in the heating rates and lithium burnup 

in the Li20 regions adjacent to the multiplier. 

Use of lead as a neutron multiplier was also considered during the course 

of the present study. However, the low raelting point (327°C) of lead is of 

particular concern with its use in the high nuclear radiation environraent. 

Based on a recent INTOR^^ study, the raaxiraura temperature rise in a 50 mm-

thick lead multiplier, for instance, is estiraated to be about 190°C relative 

to the inlet coolant teraperature for a given steel/lead gap conductance. Note 

that the neutron wall load and the outlet coolant temperature of the INTOR 
2 2 

design are 1.3 MW/m and 100°C, respectively, compared to 1.8 MW/ra and 300°C 

of the DEMO design. As a result the allowable lead thickness for DEMO is 

expected to be appreciably sraaller than 50 mm unless a molten multiplier is 

assumed. From the neutronics standpoint, use of such a thin multiplier 

provides little incentive for enhancement of tritium breeding because the 

possible increase in BR by a lead multiplier is estimated to be 

only — 0.04 for every centiraeter of lead. 

4.3.4.2 Nuclear Heating and Activation Afterheat 

Table 4-18 lists the zone averaged nuclear heating rate in each coraponent 

of the preblanket region and the spatial variation of the Li20 blanket 

heating. It is noted that the heating rate in raost of the Li20 breeder is 

less than that in the 316 SS structure and the H2O coolant because of the low 

raaterial density factor used (70% of the theoretical density) and the sizable 

araount of the endotherraic Li (n,n'a)t reaction rate. In addition, the 

heating rates are reduced by a factor of 100 or less for all the components, 

over the entire breeding blanket region. Note that the result shown in Table 

4-18 does not account for the geometrical effects arising from the system 

toroidal curvature^ ^' and the shifted neutron source distribution due to 

the MHD plasraa equilibrium. According to the result of a recent INTOR 
(2) 

work, the nuclear heating shows a variation of raore than 25% in the 
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Table 4-18. Spatial Variation of Nuclear Heating Rate (MW/m ) 
for Li^O Breeder System Design^ 

» 

Armor (13.4 ram) 

First Wall 

Coolant (3 mm) 

Structure (3 mm) 

Blanket 

At depth: 5 mm 

10 mm 

30 mm 

50 mm 

100 mm 

200 mm 

300 mm 

400 mm 

500 mm 

600 mm 

316 SS 

18.2 

16.5 

15.5 

15.0 

13.0 

11.4 

8.20 

4.31 

2.29 

1.23 

0.670 

0.382 

H2O 

-

16.7 

-

15.0 

14.3 

12.1 

10.4 

> 7.07 

3.33 

1.55 

0.715 

0.329 

0.154 

Li20'' 

-

-

13.4 

12.4 

9.84 

8.33 

5.79 

2.94 

1.49 

0.739 

0.365 

0.187 

a_ 2 
TJeutron Wall Load: 1.8 MW/m 

^LipO: 70% of theoretical density; natural lithium 
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poloidal direction due to these geometrical effects. It is likely that the 

outboard heating deep in the blanket region tends to be higher than what is 

predicted by the one-dimensional analysis shown here. A detailed three-

dimensional analysis remains to be done for raore precise evaluation of the 

nuclear heating rate as it affects the thermal hydraulic design. 

After reactor shutdown, the 316 SS structure becomes the major source of 

the decay heating. Li20 itself generates only a few short-lived radioactive 

isotopes such as He (decay half-life of 0.8s; &- emmisslon), 

*Li ("̂  0.8s; a and 6-) and ^^N ('̂•7s; a, 6-, and y) with the emission of the most 

dominant 6.1 MeV gamma ray. Although the radioactivities in the 112© breeder 

completely decay within a minute, some of the decay gamma rays generated in 

and transported frora the 316 SS structure are deposited in Li20. Figure 4-27 

presents the total decay power in the arraor/fIrst-wall/blanket region as well 

as the accumulated decay energy release in the blanket region as a function of 

post-shutdown tlrae. The total decay power araounts to about 14.5 MWj.)̂  

(approximately 1.6% of the total fusion power of 900 MW^j^) at shutdown, being 

rapidly reduced to 2-3 MŴ .̂ within several hours after shutdown. It is found 

that the accumulation of the energy release exceeds 100 GJ at about 11 hr 

after shutdown. The maxiraum decay heating rates are about 0.7 MW/ra and 0.14 
3 

MW/ra in the 316 SS arraor and the blanket, respectively. These figures are 
3 

corapared to the respective operating nuclear heating rates of 18.2 MW/m and 
3 

13.6 MW/ra indicating that the maximura decay heating rate is only about 4% or 

less relative to that at norraal operation. The analysis shown here will 

provide a useful inforraation basis for the future safety analysis. 
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Figure 4-27. Activation Afterheat for Li20 Breeder Blanket Design. 
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4.3.5 Properties of Li^O 

Lithiura oxide and certain ternary lithium oxides are considered 

potentially viable tritium breeding materials. These materials have been the 

subject of a nuraber of recent reviews ' . The raaterials property data 

base for Li20, although far from being sufficient for the needs of fusion, is 

rather extensive compared to that of other solid breeders. An excellent 

summary of the data base for Li20, with 31 references, was complied by Nasu 

(51) In late 1979. Recently, experimental programs at ANL ^ ' ' and 

General Atomic Company ^ ^ have generated a nuraber of results which have 

significant irapllcations regarding the use of Li20 in fusion reactor 

blankets. Suraraarlzed below is an assessment of the current data base for 

LioO, with emphasis on certain key feasibility concerns: (1) physical 

properties, (2) fabrication, (3) thermocheralcal properties, and (4) radiation 

effects. 

4.3.5.1 Physical Properties 

As noted above, the data base for LI2O has been summarized previously 

^ . Selected properties of lithium oxide are listed in Table 4-19. Lithium 

oxide has a high lithium atom density and, therefore, has good tritium 

breeding capability. The operating teraperature range, as discussed for 
f47-48'> 

STARFIRE ^ ' is estiraated to be 410-660°C. In addition, Li20 reacts 

exotherraically with water to form LiOH. A key property with regard to blanket 

design is the therraal conductivity. Therraal conductivity for Li20 of 70-93% 

theoretical density is shown in Fig. 4-28 '•^'''. 

Table 4-19. Selected Properties of Li20 

Density, g/crâ  2.01 

Li atora density, g/cra 0.93 

Melting point, °C 1430 

Heat capacity, J/g K 2.6 (3 500°C 

Enthalpy of hydrolysis, KJ/g -3.9 0 500°C 
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4.3.5.2 Preparation/Fabrication 

Preparation and fabrication of high purity Li20 on a large scale for 

fusion reactor blanket applications is an important feasibility issue. One 

raust not only be able to prepare high purity material but one must avoid 

contamination during handling, storage, and blanket assembly since the 

properties of Li20 are very sensitive to material purity. This appears to be 

feasible on a laboratory scale but may be quite difficult on a large scale 

because of the high hygroscoplclty of Li20 and the fact that very small grain 

size with substantial porosity is essential for tritium recovery. 

Either sintering or hot pressing are probably acceptable fabrication 

methods. Arons, et al have demonstrated that sintered pellets of high 

purity Li20 can be fabricated. However, the purity and microstructure of the 

pellets are quite sensitive to minor variations in procedures. Sintering in 

vacuum at ~ 1000**C for 4 h resulted in large weight loss of the pellet whereas 

heating in vacuum at 950°C prior to sintering in oxygen 4-6 h at 1050°C gave a 

density of ~ 80%. A reverse procedure, i.e., sintering in O2 at 1050°C prior 

to heating in vacuura at 950°C, gave >95% dense raaterial. Moisture pickup 

during handling or storage at room teraperature is significant unless extrerae 

precautions are taken. Because of these sensitivities, microstructure control 

in Li20 may be difficult to achieve in practice, particularly on a large 

scale. Also, sintering teraperatures may be quite low (possibly as low as 

450°C) if significant amounts of LiOH are present. As a result, in-reactor 

sintering and grain growth raay be a serious problem for Li20. 

4-3.5.3 Chemical Properties of Li^O 

Lithiura oxide is very hygroscopic, reacting readily with moisture to form 

LiOH. Li20 also reacts with CO2 in air to form Li2C03. In addition, LijO 

reacts with a large number of metal oxides to form ternary oxides, e.g., 

LlCr02. Thus, samples of Li20 obtained from coraraercial vendors or samples 

prepared in laboratories without the utmost care are likely to contain 

significant quantities of LiOH, 112003, and cationic impurities. Reported 

chemical analysis of a number of Li20 samples are given in Table 4-20. 

Commercially available material appears to have at least 2% by weight of each 

of LIOH and Li2C02. Careful laboratory preparation has achieved rather pure 

raaterial with 0.25% by weight of LijCOj and <0.1% by weight of LiOH ^ ^ ^ ) . 
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Table 4-20. Impurity Content of Li20 Samples 

Vendor A 

Vendor B 

Vendor C 

Vendor D 

wt % Li2C03 

12.6 

2.1 

4.8 

— 

wt % LiOH Wppm Cations Ref. 

Prep A 

Prep B"̂  

Prep C"̂  

Prep D^ 

Prep E^ 

0.25 

6.9 

1.8 

2.4 

0.5 

<0.1 

— 
~ 
~ 
— 

1000 (Pt) 

~ 
~ 10 

~ 10 

— 

57 

57 

57 

46 

46 

46 

46 

58 

59 

Exposed to air 

''Decomposed 11200^ in Pt at 880°C - dark grey 

•^Decomposed 112003, some exposure to air 

'^Decomposed Li2C0,, minimal exposure to air 

^Decomposed 112003, 21 days at 700°C plus 14 days at 750°C 

%eat treated impure Li20 in dry (<5 ppm H2O) flowing He stream, 600°C, 
~ 2 hr. 

Exposure of pure Li20 to air will increase both the' carbonate and hydroxide 

levels to about 2% by weight. Because of the corrosive nature of LiOH and 

Li2C03 at elevated temperatures, preparation can introduce significant levels 

of metallic impurities, e.g., Prep A in Table 4-20 (*°). It appears that it 

is possible to obtain samples with cation impurities of less than 10 ppm 

(46, 58)_ 

A key question regarding Li20 is the tritium "solubility." As discussed 

in 1980 ^^> 47~50)^ ^j. ^gg presumed that there is an equilibrium of the bred 

tritium between the solid and gas phases: 

2 LiOT(s) T20(g) + Li20(s) (4-1) 

and 
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P(T20) 

~2 
^LiOT 

(4-2) 

where a. -nT °° ^^^ activity of LiOT. Previously, it was assuraed that \J^QJ was 

equal to the concentration of tritium in the solid phase (Raoult's Law). 

However, recent experiments ' ' ' have shown that LIOH (also LIOT) is 

nearly insoluble in Li20 , and thus ^I^IQJ in Eq. 4-2 is close to unity. Thus, 

the tritiura "solubility" previously calculated to result in very high tritium 

inventories for Li20 blankets is in fact low, so that tritium inventories due 

to "solubility" are no longer a raajor concern. Some experimental results of 

Tetenbaura 
(52) are given in Table 4-21. 

Table 4-21. Tentative Values for the Solubility of LiOH in Li20 (frora 
Tetenbaura) 

ppm H2O in 
T,°C He Carrier Gas Cooling 

Wt. 

looling 

* 

0.0029 

0.0057 

0.0290 

0.0200 

0.0021 

% LiOH 

Reheating 

* 

0.0024 

0.0053 

0.0310 

0.0120 

0.0038 

wppm H in Li20 

Cooling Reheating 

650 

850 

950 

980 

990 

995 

500 

65 

110 

500 

285 

40 

1.2 

2.4 

12.3 

8.4 

0.9 

1.0 

2.2 

13.1 

4.9 

1.6 

*Moisture peaks not observed 

Two trends (Table 4-21) were observed: (1) solubility of H2O decreases with 

decreasing teraperature, and (2) solubility appears to be proportional to the 

concentration (pressure) of H2O in the gas phase. In a separate experiment by 

Nasu, an irradiated Li20 sample In equilibrium with 48.5 Pa T2O at 650°C had a 

tritium content of ~ 0.4 wppm 
(60) 

For hydrogen, this would correspond to 

0.1 wppm in the solid with 480 ppm H2O in the gas phase. This appears to be 

consistent with the first trend noted above. This result also supports the 

that upon cooling a lithiura oxide sample to assuraption by Tetenbaura ^^^^ 
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650°C, the observed moisture evolved is equal to the amount in solution at 

850-995°C (Table 4-21). It is evident that tritium "solubility" in an Li20 

blanket will be small (<1 ppm). 

Another important consequence of these results follows. Since LiOH (also 

LiOT) is nearly insoluble in Li20, the phase field can be represented in a 

manner previously described ^ ' . The curved line in Fig. 4-29 separating 

Li20 from LiOH is the dissociation pressure of LiOH. During operation, the 

Li20 breeder must be maintained at temperature and pressure conditions to the 

left of and below the LiOH dissociation pressure curve in Fig. 4-29. This 

criterion implies significant temperature and pressure constraints upon 

blanket operation. For example, if the T2O pressure in any part of the 

blanket is 160 Pa (1.2 torr), a separate LiOT phase will form at temperatures 

below 410°C. In addition, it is evident that whenever the blanket is cooled 

to room temperature, the tritium in solid solution will precipitate out as a 

separate phase of LiOT. 

Another important consideration relates to vaporization of LiOH (LiOT), 

( 52 ̂  
which has been studied by Tetenbaura "• •'. The results of that study (Table 4-

22) show the effects of moisture on Li20 vapor phase transport. The blanket 

purge stream has a T2O partial pressure of about 1 Pa or 10 ppm. It is 

evident that at the high temperatures in Table 4-22 (1100 K and higher), the 

LiOT pressures are >\ Pa. Vapor phase transport of lithium under these 

conditions would be excessive, >750 g per day, or >0.36% of the blanket per 
^ 62 ̂  

year. The data in Table 4-22 are in very good agreement with JANAF ^ ' , 

which are based on the work of Berkowitz, et al ^ '. Using the JANAF data 

for the equilibrium 

H20(g) + Li20(s) * LiOH(g) (4-3) 

and setting P(H20) = 1 Pa, the pressure of T2O in the purge stream, the 

pressure of LiOH (LiOT) was calculated, as shown in Fig. 4-30. It is 

suggested as a design criterion that the LiOT pressure should not exceed 1% of 
_2 

the TjO pressure. Thus, for P(T20) = 1 Pa, P(LIOT) must not exceed 10 Pa. 

This corresponds to a maximum allowable Li20 temperature of 660°C. 
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Fig. 4-29. L10H-Li„0 phase dlagrara showing operating 
cemperaEure limits for LI.O blanket. 

Fig. 4-30. Vapor pressure 

equal to 1 Pa, 
of LIOT above H 2 O with P(T20) 

The maximum temperature limit 



Table 4-22. Vaporization Behavior of Lithium Oxide ^^^^ 

T K 

1073 

1123 

1123 

1128 

1173 

1223 

1258 

1263 

1268 

1268 

Carrier Gas 
Flow Rate, 

ml/min 

158 

220 

175 

150 

142 

225 

225 

157 

143 

158 

ppm 
H2O 

105 

4 

65 

105 

420 

110 

110 

440 

115 

45 

ANL 
Work 

5.62 

5.94 

5.19 

5.08 

4.43 

4.36 

4.33 

4.00 

4.18 

4.45 

-log P̂  
Calc. 

via JANAF 

5.35 

5.70 

5.13 

4.99 

4.40 

4.37 

4.18 

3.35 

4.10 

4.31 

Kudo 
et al. 

9.81 

9.06 

9.06 

8.99 

8.35 

7.71 

7.29 

7.22 

7.16 

7.16 

ANL 
Work 

7.25 

6.48 

6.19 

6.19 

5.49 

4.76 

4.70 

4.64 

4.42 

4.57 

•log k 

Calc. 
via JANAF 

6.71 

6.00 

6.08 

6.02 

5.42 

4.80 

4.41 

4.34 

4.28 

4.28 

p in atmospheres: 1 atm = 101.325 kPa 

4.3.5.4 Radiation Effects 

Fabrication of Li20 with small grain size and uniform interconnected 

porosity, although difficult, appears feasible. Hc^wever, the stability of 

this microstructure under the anticipated thermal and radiation environments 

of a reactor blanket is a major concern. Large weight losses have been 

observed at 1000°C when exposed to vacuum conditions or helium with very low 

moisture concentrations ^ ' . This is generally attributed to mass 

transfer of LiOH. Although experimental data are quite limited, chemical 

effects produced by burnup of lithium and displacement daraage effects produced 

by the high energy recoils (several MeV T and He) could cause enhanced 

sintering which would lead to pore closure and a buildup of T or LiOT. A 

buildup of LIOT would also enhance sintering as discussed in Sec. 4.3.5.2. A 

maximura temperature of 0.6 T , which corresponds to ~ 750°C for Li20, was 

suggested in the STARFIRE study ^ * •'. 

Scoping studies by L. Yang, et al ^ ' tend to support the predicted 

results. Small capsules containing ~ 70% dense Li20 were irradiated in ORR to 

fluences of ~ 2 x lO^^n/cm^ at temperatures of 750, 850, and 1000°C. The 
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samples were depleted to 0.05% LI to raore nearly approxiraate tritium 

generation rates projected for fusion reactor blankets. Therefore, the 

maxiraum lithiura burnup was only 0.05%. This corapares to an estiraated burnup 

of ~ 0.4%/Y near the first wall of the DEMO (or equivalent to about one-

month's operation). Post irradiation exaralnation revealed that the pores 

becarae completely closed in saraples Irradiated at 850 and 1000°C. Although 

sorae interconnected porosity reraained after the 750°C irradiation, significant 

changes were observed In the raicrostructure after irradiation. The grain size 

of the test saraples was <47 pra. One would predict raore extensive sintering in 

the sraall grain size (<1 yra) proposed for reactor applications and for the 

much higher burnup required for a practical system. These results Indicate 

that Li20 raust be operated at temperatures considerably below 750''C if the 

desired open raicrostructure is to be stable. Obviously additional 

experimental investigations are required to more accurately deterralne the 

temperature llraits. A maximum temperature of 650-700°C is proposed for the 

current study. 

4.3.6 Tritium Recovery 

The proposed method of tritium recovery frora the Li20 blanket is basi

cally the sarae as that proposed for the STARFIRE study. ' The Li20 is in 

the forra of a low-density (70% theoretical density) hot-pressed or sintered 

product with a tailored biraodal pore distribution, i.e., a small grain size 

(<1 ym) and a fine porosity within larger particles (—1 mm diameter) with a 

raore coarse porosity between particles. The Li20 is perforated with ~2 ram 

diameter holes through which low-pressure (0.1 MPa) helium passes to recover 

the tritiura frora the breeder. Tritium generated within the grains must dif

fuse to the surface of the grains, desorb as T2O, and migrate (percolate) 

through the Interconnected porosity to the heliura purge streara where it is 

transported to the tritiura processing system. Further analyses of the migra

tion (percolation) of T2O through the interconnected porosity have been con

ducted in an attempt to define the optimura particle-to-grain size ratio and 

the araount of porosity required. An assesseraent of the tritiura inventory in 

the LI2O blanket is presented for two cases. The first idealized case for 

which a raore accurate estimate can be made because of a better data base 

neglects any effects of radiation on the release characteristics. Although 

the effects of radiation on the tritiura inventory are highly uncertain, 

estimates of possible impacts of various radiation effects are presented. 
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4.3.6.1 Percolation Analysis of T2O Transport 

The tritium inventory in the grain matrix of a fusion blanket material 

(e.g., LiA102 or Li20) is a sensitive function of the partial pressure of 

tritium (T2) in the interconnected porosity between the grain surfaces and the 

helium purge stream. Calculations were perforraed to determine the steady-

state T2O concentrations and partial pressures in the interconnected porosity 

of both monolithic and bimodal pore structures. 

The geometric parameters assumed for this study are: helium purge stream 

radius of 1.0 mm, unit cell outer radius of 13.6 mm, grain radius of 0.25 pm, 

particle radius for the bimodal structure of 500 ym, average radius of fine 

porosity of 0.05 pm, and an average radius of the large pores of 100 ym. 

Porosity fractions of 0.1 to 0.4 were investigated. For the bimodal structure, 

the fine porosity fraction and the large porosity fraction were assumed equal 

(e.g., Ef = £L = 0.106 ^ £ = 0.2). 

The assumed operating conditions are a temperature at the cell outer 

radius of T = 500°C and inner-radius teraperatue of T^ = 850°C. The tritium 

generation rate is taken from calculations of values for the Row-1 coolant 

tube position in STARFIRE: 

q^ = 4.34 X lO"!" g T20/s-cm3 

= 1.97 X 10~11 moles T20/s-cm3 , • 

where Q^ is per unit of solid volume. To convert Q^ to a value per unit of 

pore volume, we have 

Q^ = (1/t - l)Qi . 

For the case of T2O diffusion and convection through the large porosity of the 

bimodal structure, the mean-free path for the TzO-helium collisions is small 

corapared to the average pore radius [\/r^ < 0.01) and ordinary diffusion 

models apply. The POROUS code,^^ which indues raodels for ordinary diffusion 

and convecton, was used. The results are shown as Cases 35-40 in Table 
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4-23. The porous equations were also solved approximately to give the 

following analytical expressions which agree to within 10% of the POROUS 

results for the maximum rise in total pressure AP and the maximum rise 

in TjO partial pressure (iPT20^max-

Ey^O^ 2 2 
AP = (1 + 0.5 AP /P,)"' -, (r^ - r ) f(r /r ) 
"max max 1 4<p. o 1 o 1 

and 

RT, 0 2 2 
(AP., J = (1 + AP /P.) Tj TTTT^ (r - r ) g(r /r ), To 0 max max 1 W, 4KD. o i o i ^ A 1 

where the subscript "1" refers to conditions in the purge stream: 

z = large porosity fraction (0.106 to 0.225) 

u. = helium purge stream viscosity = 3.65 x 1 0 ^ (T./T )0.6'» (Ref. 66) 

P. = helium purge stream density at T. and P, 

K = permeability = 4 x 10~1''[2(£ - E Q ) ? ~ 1 8 ^ ^^2 (Ref. 67) 

r = average pore radius in ym 

EQ = fractional porosity that is isolated = 0 for large porosity 

Q^ = (1/e - 1) 4.34 X 10-1" g T20/s-cra3 

D^ = ordinary diffusion coefficient for T20-He mixture at T. ,P. 

= 3.50 X lOr-6 (x^ 334/p^) cm2/s, where [T^] = OR, [p^] = atm (Ref. 66) 

K = factor to account for tortuous diffusion path (~1 for this case) 

r„ = 1.36 cm 

r̂^ = 0.1 cm 
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r /r 
f(r /r. ) = 2(1 - r2/r2)-l / ° \ T / T , )3/2[l/„ - (r2/r2)r,] dp 

0 1 l O - ' - ^ 1 ^ 1 0 ' 

g(r^/r^) = 2(1 - r2/r2)-l j ^ ° (T/T^)-l.3 34[i/^ - (r2/r2)nl dp 

For the cases of TjO transport through the fine pores In the monolithic 

pore structure and the particles of the biomodal structure, the mean-free path 

for T,0-He collisions is large (X/r ~ 0) compared to the average pore 

radius, ordinary convection and diffusion models no longer apply. Collisions 
68 

between the T2O and the walls of the pore dominate, and the Knudsen models 

apply. The diffusion coefficient becomes independent of the helium and is 

given by 

'̂ KA = '^"'KA-

where 

K = e 

_ 1 8RT 1 /2 
KA ~ 3 "̂ p TTW^ 

W. = molecular weight of T2O 

R = universal gas constant. 

The solution to the Knudsen diffusion problem for (AP̂ j, n)^^,^ is 
2U 

2 P 

where 

•'o^'^KT/T )l/2 
f(r^/r.) = 2(1 - r2^/r2)-l j , ° [(l/h) " (r2/r2)nl dp. 
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For the monolithic structure with r^ = 1.36 cm, r^ = 0.1 era, T^ - 773°K, and 

T, = 1123°K, we have 

(APT,O 0.037 
'•p^K /• 

Pa » pm . 

For the fine pore particles In the bimodal case, r = 1.36 cin» r. = 1,26 cm, 

(APT2O)„3^ = 1-1 X 10-* (Jr Pa • ym 

The results of these calculations are presented in Table 4-23 and Fig. 

4-31. Clearly, there Is no significant buildup (<1 Pa) of T2O in either the 

fine or large porosity of the bimodal structure as long as the porosity 

remains interconnected (tf > 0.1 and £ > 0.2). These results assume that the 

average pore radii of the two types of pores are maintained constant as the 

porosity is decreased. However,for the monolithic structures consisting of 

fine pores only, the T2O partial pressure builds up to ~67 Pa for the liraiting 

case of e = 0.1. 

In generating the results in Table 4-23 and Fig. 4-31, it was assuraed 

that the average pore radius is 20% of the grain diameter and insensitive to 

the total porosity fraction. This crude model can be improved by appealing to 

sintering raodels. However, it would be raore inforraative to make saraples of 

the biraodal and raonolithic structure and raeasure the average pore radius. 

Also, the assumption that the effective diffusion coefficient is KD where K = 

1/T = e needs to be tested. 

Table 4-23. Increase in T20 Partial Presaure In the Interconnected 

PoroBlty of Monolithic and Bimodal Pore Structure* 

Case 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

Description 

Monoltthlc 

Monolithic 

Monolithic 

Monoltthlc 

Fine bimodal 

Fine bimodal 

Fine blcDodal 

LarRe bimodal 

Large bimodal 

Larf>e bimodal 

£ 

0 . 4 

0 . 3 

0 . 2 

0 . 1 

0.225 

0.163 

0.106 

0.225 

0.163 

0.106 

K 

0 . 4 

0 . 3 

0 . 2 

O . l 

0.225 

0.163 

0.106 

0.225 

(T.163 

0.106 

(no) 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

100 

100 

100 

(Pa) 

2.80 

5.80 

14.80 

66.60 

0.034 

0.069 

0.176 

0.0135 

0.0205 

0.0343 

"He 

5.05 " 10* 

5.05 » 10* 

5.05 « 10* 

5.05 » 10* 

5.05 X 10* 

5.05 « 10* 

5.05 • 10* 

5.05 « 10* 

5.05 X 10* 

5.05 >• 10* 
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-MONOLITHIC STRUCTURE WITH 0.5;im 
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DIAMETER PARTICLES, AND FINE 
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TOTAL POROSITY FRACTION, { 

0.5 0.6 

Fig. A-31. Maximum Increase In T2O partial pressure from the helium 
purge stream to the outer radius of a unit blanket cell 
as a function of total porosity fraction and pore distri
bution (monolithic vs. bimodal). 
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4.3.6.2 Tritium Inventory 

The methodology used to estimate tritium inventory in the blanket follows 
1 4 7 48 the procedures used for STARFIRE. ' ' ' Tritiura generated within the solid 

raust diffuse to the surface, desorb as T2O, and percolate through the 

interconnected porosity to a purge stream where it Is transported to the 

processing system. Selected blanket parameters are summarized in Table 

4-24. In the absence of radiation effects, the tritium inventory is assumed 

to be the sum of the "diffusive" inventory and the "solubility" inventory, 

Estiraates of the tritiura inventory, and the effects of irradiation are 

summarized below. 

The diffusive inventory was estiraated by the methods discussed pre

viously. ' ' ' The approximate teraperature distribution was estimated from 

a thermal calculation using pure conduction with cylindrical geometry. The 

breeder region is divided into 22 regions of equal volurae, represented by 

nodes nurabered 3 to 24 (Table 4-25). The total diffusive inventory is esti

raated to be about 20 g, over 80% of which is in the regions of lowest tempera

ture, i.e., below 470°C. 

Table 4-24. Selected LI2O Blanket Pararaeters 

Blanket, Li20 inventory, Mg 54 

Train. °C 410 

Tmax' "^ 660 

Tritiura generation rate, g/s 1.74 x 10~3 

Purge stream T2O pressure. Pa 1.0 

Purges stream LiOT pressure. Pa 1.0 x 10~2 

T2O generation rate, Pa-liters/s @ 650°C 2.2 x 10^ 

Tritium breeding rate, g/day 150 

Purge streara helium pressure, atm 1 (1.013 x 10^ Pa) 

Purge streara flow rate (total), liters/s 2.2 x 10^ 

Purge stream volume, liters 1000^ 

Purge stream velocity, m/s 12 

2% of blanket volume. 
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Table 4-25. Diffusive Tritium Inventory 

Tritium % of Cumulative Cumulative 
T/°C Inventory.(g) Inventory Inventory (g) (%) 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

430.1 

465.4 

494.8 

519.6 

540.9 

559.2 

575.1 

589.0 

601.1 

611.5 

620.6 

628.4 

635.2 

640.9 

645.7 

649.7 

653.1 

655.7 

657.7 

659.1 

660.1 

660.5 

11.3 

4 . 1 

1.5 

0.70 

0.40 

0.24 

0.16 

0.12 

0.09 

0.07 

0.06 

0.05 

0.04 

0.04 

0.03 

0.03 

0.03 

0.03 

0.03 

0.02 

0.02 

0.02 

59.2 

21.5 

7.9 

3.7 

2 .1 

1.3 

0.8 

0.6 

0.5 

0.4 

0.3 

0.26 

0.21 

0.21 

0.16 

0.16 

0.16 

0.16 

0.16 

0.10 

0.10 

0.10 

11.3 

15.4 

16.9 

17.6 

18.0 

18.24 

18.40 

18.52 

18.61 

18.68 

18.74 

18.79 

18.83 

18.87 

18.90 

18.93 

18.96 

r8 .99 

19.02 

19.04 

19.06 

19.08 

59.2 

80.7 

88.6 

92.2 

94.3 

95.6 

96.4 

97.0 

97.5 

97.9 

98.2 

98.5 

98.7 

98.9 

99.1 

99.2 

99.4 

99.5 

98.6 

99.8 

99.9 

100.0 

Cyl. model: q"' = 12.94 w/cm^. 

h = (430 Btu/ft2-hr-°R) = 0.244 W/m^ 
g 

Tritium generation rate = 1.74 x 10"^ g/s. 

Total tritium inventory = 19.1 g. 
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The solubility inventory can be estimated from preliminary experimental 

data. Assuraing that the solubility is proportional to pressure, the results 
59 _, 

of Tetenbaura extrapolate to 7 x 10 ^ wppra tritiura at 410°C and 0.12 wppm 

tritium at 650°C for a T2O pressure of 1.0 Pa. For comparison, the results of 

Nasu translate to a tritium solubility of 0.008 wppm at 650°C, for P(T20) = 

1.0 Pa. In the blanket, the T2O pressure will increase at regions away frora 

the purge channel, but this effect is corapensated for by decreasing solubility 

at lower teraperature. Thus, a reasonable estimate of the solubility Is on the 

order of 0.1 wppra. This translates to a solubility inventory of about 5 g. 

Thus, in the absence of radiation effects, the total tritiura inventory in the 

blanket is estiraated to be about 25 g. 

As discussed in STARFIRE , radiation effects (sintering, restructuring, 

and trapping) can significantly increase tritium inventories in solid 

breeders. 

Radiation-induced sintering could result in some pore closure, thereby 

increasing the T2O pressure and solubility. A two order of magnitude increase 

in the T2O pressure would give a tritium concentration of 500 g. Restructur

ing leading to increased grain size could increase the diffusive inventory 

an order of magnitude to 200 g. Although the degree of radiation-

induced tritiura trapping is highly uncertain, estiraates ' based on results 

frora ion borabardraent studies indicate that tritiura concentrations of the order 

of 1 at % raay occur. Concentrations of this order of raagnitude would lead to 

unacceptably high tritiura inventories of ~50 kg. The results of estimates of 

tritiura inventory with and without predicted radiation effects are given in 

Table 4-26. 

Table 4-26. Estimated Tritium Inventory in Li20 

Without 
Radiation 
Effects 

(g) 

Predicted 
Radiation 
Effects 
(kg) 

Diffusion 

Solubility 

TOTAL 

25 

5 

25 

0.2-50 

0.5 

0.7-50 
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Several factors, such as surface desorptlon of LiOT, that could influence 

tritium inventory have not been accounted for. Also, chemical effects such as 

LiOH/LlOT formation and gas phase transport could promote restructuring and 

sintering, therby increasing tritium holdup in the blanket. In addition, 

formation of LiOH or LiOT layers on the surfaces of particles could Inhibit 

the release of T2O from within the particles. 

4.3.7 Thermal Hydraulics Analysis 

The thermal hydraulics design problems associated with solid breeders are 

complex due to the fact that: (1) solid breeders are susceptible to thermal, 

chemical, and neutron environments and (2) the tritium release rates are 

highly dependent upon the temperature distribution in the solid breeder. 

Since the operating temperature limits of the solid breeders are influenced by 

the design and operating conditions, a series of parametric investigations 

were carried out to study the effect of (1) geometric variables, (2) thermal 

conductivity of solid breeders, (3) interfacial contact resistance, and (4) 

operating power level on the design characteristics. In addition, an 

assessment of the overall design in terms of (1) coolant and structural 

material fractions, (2) pumping power losses, and (3) purge gas flow rates and 

pressure losses was carried out based on the following design requirements. 

Design Requirements 

As discussed in Sec. 4.3.2 and Sec. 4.3.9.1, tVe design is based on 

modular blanket cells consisting of Li20 solid breeder and light water as the 

heat-transfer and thermodynamic fluid. The temperature limits and coolant 

operating conditions are summarized in Table 4-27. 

Table 4-27. Summary of Blanket Parameters Used in 
Thermal Hydraulics Calculations 

410'C 

260°C 

300°C 

Maximum operating temperature for Li20 660 C 

Minimum operating teraperature for LI2O 

Coolant inlet temperature 

Coolant outlet temperature 

Coolant pressure "'•3'' "P^ d^OO Psia) 

Operating power level (steady-state) 100^ 

Neutron heating rate in LI2O: 

Near first vail 12.94 W/cc 

Near reflector/shield '>•'•'' ^/" 
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4.3.7.1 Geometric Variables 

Since the nuclear heating rate In the blanket is not uniform with respect 

to depth into the blanket, the temperature distribution is greatly influenced 

by the spatial distribution of coolant channels. Two geometric raodels (see 

Fig. 4-32), as discussed below, are used to estlraate the steady-state 

teraperature distribution. 

Cylindrical Blanket Cell Model 

A cylindrical blanket-cell raodel, shown schematically in Fig. 4-32a, has 

been used for scoping studies. Although the teraperature distribution in the 

breeding blanket is three-dimensional, the cylindrical blanket cells provide 

raatheraatical sirapllficatlons based on assumed uniform internal heat generation 

and invariant material and fluid properties. With uniform nuclear heat and 

constant properties of the raaterials, the governing equations can be solved in 

closed forra. Thus, a large number of pararaetric investigations to study the 

effect of heat flux levels, coolant inlet and outlet conditions, variations in 

material properties, temperature limitations, and design variations can be 

studied with only a liraited araount of effort. 

Three separate blanket regions were selected for the pararaetric 

investigation. The first region with the maxiraum nuclear heating rate was 

taken near the first wall/multiplier region. The second region was taken 

within the breeder where the nuclear heating has decreased to ~ 25% of the 

maximura value. The third region was taken near the reflector/shield region 

where the volumetric heating rate has decreased to ~ 4% of the peak value. 

For each region, the zone-averaged values of neutron heat flux were used. 

Since the angular variation (poloidal direction) of neutron heat flux has not 

been calculated, constant heat flux values were used for the cylindrical 

cells. The iraportant georaetrical variables and the operating pararaeters are 

listed in Table 4-28. The results of therraal hydraulics analyses, for the 

cylindrical raodel, are given in Table 4-29. An examination of the cylindrical 

cell concept shows that a significant fraction of the blanket volume lies 

outside the isotherraal boundaries indicated by the dotted lines in Fig. 4-

32a. The optimum tube spacing cannot be accurately determined from the 

cylindrical cell model because of the multidimensional heat transfer near the 

isothermal boundaries. 
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Fig. 4-32. Schematics of cylindrical and rectangular cell models. 

Table 4-28. Geometrical Parameters and Results of Thermal Hydraullca 
Calculations for LljO Breeding Blanket (1-D Cylindrical 
Blanket Cells) 

Average nuclear heating rate. W/cc 

Coolant tube Inside diameter, ram 

Coolant tube outside diameter, mm 

Coolant Inlet temperature, *C 

Coolant outlet temperature, °C 

Coolant channel length, n 

Breeder cell diameter, mm 

Maximum breeder temperature, "C 

Minimum breeder temperature, °C 

Coolant velocity, m/s 

Pressure drop across coolant channel, KPa 

Ratio of pumping power to thermal power 
(for coolant channels only), X 

legion 
1 

12.94 

10.2 

12.7 

260 

300 

3 

31.4 

660 

410 

2.6 

4.7 

<1 

Region 
2 

3.33 

10.2 

12.7 

260 

300 

3 

47.4 

660 

410 

1.5 

1.8 

<1 

Regloi 
3 

0.47 

10.2 

12.7 

260 

300 

3 

94.0 

660 

410 

1.0 

0.6 

<1 
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Rectangular Blanket Cells 

Figure 4-32b schematically shows the rectangular blanket cell concept 

that can be used to study multidimensional heat transfer effects. An 

examination of the typical blanket cell (either with a square or rectangular 

cross section) shows that the heat transfer in the blanket modules is three-

dimensional, even when the heat generation in the blanket cells is uniform, A 

three-dimensional conduction code capable of using temperature-dependent 

material properties, non-uniform heat flux, convective heat transfer in the 

coolant channels, and contact resistance between dissirailar raaterials was used 

for therraal hydraulic analysis. Coolant teraperature variations were liraited 

to ~ 1°C so that the probleras analyzed were essentially two-dimensional. The 

geometric raodels of the blanket cells are shown in Fig. 4-32b. It can be seen 

from this figure that, unlike the cylindrical cells, there are no breeder 

regions outside the cell boundary. Hence, there are no uncooled regions and 

all of the breeder volurae can be accounted for by the individual blanket 

cells. The helium purge gas channels can be located appropriately to 

accoramodate tritiura extraction. For analytical slraplicity, the coolant 

channels are assuraed to be square. The cross section of the coolant channels 

and the clad thickness are assuraed to be the sarae for both raodels (see Fig. 4-

33). As discussed further In Sec. 4.3.7.3, the outer boundary of each blanket 

cell (denoted by dashed lines) is assuraed to represent an insulated boundary 

(I.e., no heat transfer between raodules). (This is discussed further in a 

later section.) In comparing the temperature distribution for the two models, 

the volurae of breeder raaterial for both cases was assumed to be the same. In 

addition, the nuclear heating rates for the three regions of the rectangular 

cells were assumed to correspond to the three regions of the cylindrical 

cells. Based on constant nuclear heating rates in each region, the 

temperature distributions within the cylindrical cells and the rectangular 

cells were calculated. The radial and diagonal temperature distributions in 

equal volume cylindrical and square cell models for a typical set of operating 

conditions near the first wall (i.e.. Region 1) are plotted in Fig. 4-34. It 

can be seen that the maximum temperature at the corners of the square cell 

is ~ 60-70°C higher than that in the cylindrical cell. Hence, the design of 

the rectangular cells must be based on a smaller breeder volume to keep the 

maximura teraperature within the allowable limit. 
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Fig. 4-34. Comparison of temperature distribution In equal volume cylindrical 
and rectangular blanket cells. 
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Figure 4-35 shows a typical mathematical model of a rectangular blanket 

cell. The square cell with L^ as one of the sides represents boundaries of a 

blanket cell which has the same breeding raaterial volurae as its cylindrical 

counterpart. The cell with L5 and Lg as its sides represents the raodified 

blanket cell of lesser breeder volume. For the raodified rectangular cell 

model, the variation of the nuclear heating rate in each cell was 

considered. The diraensions of the rectangular cell (L5 and L̂ )̂ were 

calculated by an iteration process for each of the three regions. The 

georaetrical parameters for the three regions and the results of the thermal 

hydraulic calculations are suraraarlzed in Table 4-29. The effect of the non

uniform heating rate is to slightly offset the coolant channel towards the 

side of the cell nearest the plasma. This is due to the slightly higher 

heating rates in the breeder nearer the plasraa in each cell as corapared to the 

rates in the breeder further away from the plasraa. It can be seen frira Fig. 

4-36 that there would be transfer of heat between adjacent cells although the 

analytical studies assume that the individual blanket cells are thermally 

Isolated from their neighbors. Further thermal hydraulics analyses are 

planned which will incorporate multiple cells, both poloidally and depthwise, 

and which will account for heat flow between adjacent cells. The results of 

these analyses will provide raore realistic guidance for determining blanket 

therraal hydraulics pararaeters, in particular, coolant tube spacing and breeder 

teraperature distribution. 

4.3.7.2 Sensitivity to Therraal Conductivity 

One of the iraportant therraophyslcal properties that affects the blanket 

design is the therraal conductivity of the solid breeder. Since the therraal 

conductivity plays such a dorainant role in temperature distribution, and 

hence, tritium extraction and tritium inventory, this subject is divided into 

two parts. In the first part, rather modest variations in the therraal 

conductivity values were taken into account. A series of pararaetric analyses 

were carried out using: (1) temperature dependent thermal conductivity values 

as given in Sec. 4.3.5 for LijO (for 70;S theoretical density) over the 

teraperature range of 410-660°C, (2) a constant value of thermal conductivity 

corresponding to the average breeder temperature (535°C)t and (3) variations 

in thermal conductivity values corresponding to +_ 10% of the reference 

values. The results, summarized in Table 4-30, indicate that the temperature 
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Table 4-29. Summary of Parametric Investigations for Ll^O Breeding 
Materials for Three Separate Breeder Blanket Regions 

Geometrical & 

Physical Parameters 

R.. , 2L- , mm 

R , 2L2, mm 

R-, mm 

2L, X 2 L , , mm 4 4 

2L, X 2L,, mm 

Vol. X Coolant 

Vol. Z Clad 

H Inlet, W/m^-K 

H Outlet, W/m -K 
g 
T , "C max 

T , , "C min* 

C Y H C drical Cell"''' 

Regions 

1 

5.1 

6.35 

15.7 

-
-

10.6 

5.8 

1704 

2442 

661 

415 

2 

5.1 

6.35 

23.7 

-
-
4.6 

2.5 

994 

1420 

660 

416 

3 

5.1 

6.35 

47.0 

-
-
1.2 

0.7 

596 

852 

661 

415 

Breeder Cell Model 

Square Cell * 

Regions 

1 

9.08 

11.54 

-
27.94 X 27.94 

-
10.5 

6.6 

1334 

1874 

721 

410 

2 

9.08 

11.54 

-
42.08 X 42.08 

-
4.1 

2.9 

852 

1193 

728 

402 

3 

9.08 

11.54 

-
83.34 X 83.34 

-
1.2 

0.7 

454 

653 

725 

413 

Modified Rectangular Cell*̂  

Regions 

1 

9.08 

11.54 

-

-
25.65 X 26.96 

11.8 

7.4 

1278 

1846 

660 

407 

2 

9.08 

11.54 

-

-
39.54 X 41.57 

5.0 

3.1 

795 

1136 

662 

404 

3 

9.08 

11.54 

-

-
78.26 X 78.26 

1.3 

0.9 

443 

625 

661 

401 

Heating rates assumed constant for each region. 

Cylindrical cell volume equal to square cell volume for each region. 

Heating rates assumed to vary with depth throughout each region. 

NOTE: The length parameters are the appropriate radii for the cylindrical model and the aides of the rectangle for the slab model. 
(See Figs. 4-33 and 4-35.) 
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variations between cases with constant thermal conductivity and thermal 

conductivity as a function of the operating teraperature are only of the order 

of 10°C. However, thermal conductivity variations of + 10% from the reference 

case results in teraperature variations of 25-35°C. This indicates the 

importance to the blanket design of achieving a high degree of predictability 

and repeatability in thermal conductivity values of fabricated breeder. 

In the second part, the effects on blanket designs of even wider 

variation in average therraal conductivity for candidate solid breeders was 

assessed. A pararaetric Investigation was carried out covering a range of 

therraal conductivity (K) values, from 3 W/ra-K for the higher conductivity 

solid breeders such as Li20 to K = 1 W/m-K for the lower conductivity solid 

breeders such as Li^ZrOn. Conditions assuraed for these calculations are 

summarized in Table 4-31. The breeder region radius and the required gap 

conductance values for various power factors (100% to 5%) were calculated 

using a cylindrical cell model for three values of thermal conductivities (K = 

1, 2, and 3 W/m-K). The results are summarized in Fig. 4-37. The volume 

fraction of the coolant plus the coolant tube structural material are plotted 

against breeder thermal conductivity for various power factor values. There 

is a maximum decrease of 11% in breeder volurae at th6 first wall (i.e., 100% 

region) as K varies frora 3 to 1 W/ra-K; this decrease is only ^ 2% near the 

back of the blanket. Thus, when the therraal conductivity of the breeder is 

decreased from 3 to 1 W/m-K, the overall breeder volume Is expected to 

decrease on the average of about 7%. If the results of the previous ANL 

studies [1] can be used as a guide, the reduction in the tritium breeding 

ratio that would be predicted at the lower breeder fraction may be within 

tolerable limits. The breeder-to-tube gap conductance values required in the 

blanket vary by approximately a factor of three (see Fig. 4-38) from the 

region near the first wall to the region near the reflector/shield. This 

result holds for values of K frora 1 to 3 W/m-K. However, the absolute values 

of required gap conductance at a given power level decrease sharply with 

conductivity, which reflects the reduced heat flux across the breeder/tube 

interface resulting from the smaller breeder cell sizes (diameters) permitted 

for the lower conductivities. 
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I.25 mm 

3.0 m 

260°C 

300°C 

500°C 

850°C 

lue) 15.9 W/cc 

Table 4-31. Summary of Parameters Used for Therraal 

Conductivity Sensitivity Analysis 

Coolant tube wall thickness 

Y-LIAIO- Breeder module length 

Coolant (HpO) inlet temperature 

Coolant outlet temperature 

Minimum breeder temperature 

Maximum breeder temperature 

Nuclear heating in breeder (maximum value) 

The actual helium gap widths required to produce typical required 

conductance values are indicated in Fig. 4-39. No breeder-to-tube contact 

across the gap is assumed; heat is transferred only by radiation and 

conduction through the helium. The gap widths shown are those required to 

obtain the ~ 1700 W/m-K (~ 300 Btu/hr-ft - R) conductance corresponding to a 

100% power level and a 3 W/m-K breeder conductivity (Fig. 4-38). The required 

gap widths vary linearly along the tube from 0.195 mm (~ 0.08 in.) to 0.157 mm 

(~ 0.06 in.), a change of only 0.038 mm (~ 0.02 in.). It is not considered 

feasible to fabricate blankets which requires such close control of a helium 

gap, and it is considered impossible (based on present knowledge of breeder 

fabrication methods) to guarantee the control of such gap widths during 

reactor operation within tolerances acceptable for reliable breeder 

temperature control. This further illustrates the need for additional 

analysis and experimental work in the area of breeder/tube heat transfer 

control. 

4.3.7.3 Tube/Breeder Gap Conductance 

One of the greatest challenges in the solid breeder blanket design is the 

maintenance of the solid breeder within the upper and lower temperature 

bounds. Since the the breeder minimum allowable teraperature is significantly 

higher than the coolant inlet and outlet temperatures, an artificial therraal 

barrier between the coolant-carrying channels and the solid breeder is 

necessary to modify the temperature distribution within the solid breeder. 

The interfacial contact resistance provides this needed thermal resistance. 
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However, the exact prediction and control of this thermal barrier presents a 

formidable task. Although there are no experimental data on the Interfacial 

contact resistance between the ceraraic breeding raaterial and the structural 

material the experiraental data for mixed oxide fuels and cladding raaterials 

(fission reactor studies) raay provide some guidelines regarding the gap 

conductance for the solid breeders. In this study, an overall gap conductance 

value was selected for each case that led to the desired teraperature 

distribution. 

Table 4-29 shows that the required gap conductance values vary between 

2442 and 596 W/râ -K (430 and 105 Btu/hr-ft^-°R) for the cylindrical blanket 

cells. For the rectangular blanket cells, the variations in the gap 
2 2 

conductance values range between 1846 and 443 W/ra -K (325 and 78 Btu-hr-ft -

"R). The variations in the gap conductance values between the coolant inlet 

and coolant outlet ends of the breeder are due to the fact that the coolant 

temperature rises by 40°C. 

One approach to breeder teraperature control would he to coat the coolant 

tubes with a ceraraic material (either breeding or non-breeding type). Since 

the coolant teraperature rises essentially linearly along the length of the 

coolant channels, the coating thickness can be varied linearly. However, the 

mechanics of controlling the overall gap conductance (coating plus contact 

resistance between the coated tube and breeding blanket) is not clear. An 

alternate approach to modifying the breeder temperature examined during the 

STARFIRE and INTOR studies was to consider a helium gas gap between the 

coolant and the breeder. As discussed in Sec. 4.3.7.2, temperature control 

through the use of a gaseous heliura gap alone is not practical. There are 

several reasons for this. Because of the low therraal conductivity of helium, 

the required thickness of the He gas gap is sraall. In addition, control of 

the gap conductance between the coolant inlet and coolant outlet ends is not 

practical due to the very sraall differences in the gap thickness values at the 

coolant inlet and exit ends. The helium gap will require double-wall tubes, 

which will not only lead to added raanufacturing cost, but also reduce the 

breeder volume fraction by introducing raore structural raaterial. However, the 

use of a ceraraic insulating raaterial between the cladding and the breeder to 

control the interfacial contact resistance appears feasible. The ceraraic 

insulating raaterials have thermal conductivity values which are higher by more 

than an order of magnitude corapared with the thermal conductivity of helium. 
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Hence, the required coating thicknesses are larger and, thus, the ceramic 

Insulators provide a larger latitude in the manufacture of ceramic-coated 

tubes. 

The overall resistance between the breeder and the outer surface of the 

coolant channel may be thought of as consisting of three resistances in 

series: (1) Interfacial resistance between the clad and the coating, (2) 

resistance across the coating, and (3) interfacial resistance between the 

coating and the breeder. It is reasonable to assume that the gap conductance 

(Hg]̂ ) between the cladding and coating is of the same order of magnitude as 
n 

have been measured for oxide fuel and zircolloy cladding (Hgĵ  =̂  1 W/cm - K ) . 

For carefully designed coated tube and ceramic breeder, the gap conductance 

(Hg2) may also be assumed to be ~ 1 W/cm -K, although there is considerable 

uncertainty in this number. With these values of gap conductances, the 

thickness (L) of the ceramic coating (with thermal conductivity K = 1 W/m-K) 

corresponding to the lowest and highest values of the overall gap conductances 
2 

(i.e., 443 and 1846 W/m-K, see Table 4.29) was estimated to be 1.9 mm and 

0.25 mm. In order to estimate the effect of gap conductance on the 

temperature distribution, the uncertainty in Hg,, Hg^, and L values was 

assumed to be + 20%. It raay be noted that an uncertainty value of + 20% may 

be an acceptable upper limit as the data below indicates. With these values, 

the worst corabination of Hgj^, Hg2, and L for the case corresponding to Hg = 
2 

1846 W/m -K leads to variation of Hg values amounting to -18% and +22%. Table 

4-30 shows the maximum and minimum temperatures corresponding to the above 

values of gap conductances. A comparison of the temperature distributions for 

these two cases with the reference design is made in Fig. 4-40. The 

temperature difference between these two cases and the reference design is 

found to be ~ +30°C and -26°C, respectively. From the temperature 

distribution calculations, it was observed that only a very small volume 

fraction of the cell is below the minimum temperature. However, from Fig. 4-

40, one can observe that a significant fraction of the breeder region is above 

the upper teraperature limit. This indicates that even uncertainties of the 

order of + 20% can have adverse effects on the breeder design. Hence, the 

uncertainties in the gap conductance and coating thicknesses need further 

study. 
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The other probleras that raight arise for the solid breeder are the effects 

of therraal cycling, restructuring of the breeder due to therraal and neutron 

environraent and lithiura burnup, swelling, and sluraping of breeder, 

raanufacturing tolerances, etc., which raight lead to further variations in the 

gap between the ceramic and the breeder (in the forra of a He gas gap). It was 

found that even 0.1 mm He gas gap can reduce the gap conductance by 25%, with 

the resultant large uncertainty In the teraperature distribution. Obviously, 

large gaps between the breeder and the coated tubes are unacceptable. 

4.3.7.4 Sensitivity to Operating Power Levels and Other Factors 

While sensitivity to large power excursions such as plasma disruptions 

will not be treated in this section, a case of modest power fluctuations of 

the order of + 10% from the reference power levels was analyzed under steady-

state operating conditions. The results are presented in Table 4-30. It can 

be observed from this table that even a modest fluctuation in power levels can 

lead to rather large variations (40-50°C) in the maximum operating 

teraperature. Therefore, fluctuations in the operating power levels, even + 

10%, raay have detrimental effects on the solid breeder. 

As discussed in Sec. 4.3.5, for Li^O, both the lower temperature limit (to 

prevent hydroxide precipitation) and the upper teraperature lirait (to prevent 

mass transfer) are Iraportant. Hence, the worst corabination of physical 

constants and operating power levels would be those that result in 

temperatures outside the teraperature window (i.e., T ,•„ = 410°C, T 
'^ ^ * rain * raax 

660°C). Two such cases [e.g., (1) 10% lower therraal conductivity and gap 

conductance and 10% higher power level, and (2) 10% higher thermal 

conductivity and gap conductance and 10% lower power level) were analyzed, and 

the results are included in Table 4-30. For the first case, the temperature 

range was found to be 758°C and 427°C. The temperature extremes for the 

second case were found to be 587°C and 338°C. For the reasons discussed in 

Sec. 4.3.5, both cases would be unacceptable if they prevailed for extended 

periods of time. 

''•3'7-5 Coolant and Clad Fractions 

Table 4-29 summarizes the coolant and clad fractions for all of the cell 

designs included in this investigation. The coolant and cladding fractions 

for the cylindrical and square cell models do not vary significantly. 
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Table A-30. Summary of Parametric Investigation 
(Data Represent Conditions Corresponding 
to Breeder Region Near First Wall) 

T ,°C 
max 

T , ,'0 
min 

a 

Reference Design 

Q"' -f(x) 
K- £(T) 
Hg • const. 

661 

407 

b 

Q"' -f(x) 
K«f(T) xl.l 
Hg- const. 

635 

404 

c 

Q"'-f(x) 
K-f(T) xO.9 
Hg " const. 

693 

404 

d 

Q'" - f(x) xl.l 
K-f(t) 
Hg - const. 

710 

418 

e 

q"' = f(x) xO 
K- f(T) 
Hg • const. 

613 

390 

9 

f 

Q"' = f(x) 
K- fCT) 
Hg-Hgxl.l 

651 

398 

g 

Q'" " f (x) 
K-fCt) 
Hg-HgxO.9 

674 

415 

h 

Q'" - f(x) xO.9 
K- f(T) xl.l 
Hg-Hgxl.l 

587 

368 

1 

Q'" - f(x) xl.l 
K- f(T) xO.9 
Hg-HgxO.9 

758. 

427 

i 

Q'" -£(x) 
K- f(T) xO.9 
Hg-HgxO.9 

707 

415 

K = Thermal Conductivity 

Hg = Gap conductance 

Q'" = Volumetric heat generation rate 

f(x) = Function of Length, x 

f(T) = Function of temperature, T 
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However there are large variations between these fractions from region to 

region. The raodified rectangular cells are based on slightly sraaller breeder 

volumes and with no change in the coolant channel geometry. This leads to 

breeder volurae reduction of the order of 9-13% for the three regions. This 

raeans that the total breeder volurae raay need to be increased by slightly more 

than the above percentages in order to raaintain the same tritium breeding 

ratio. To keep the breeder temperature within the established limits, this 

would require that more cells be added to the rear of the breeding zone (i.e., 

thicker blankets). 

4.3.7.6 Pressure Drop in Coolant Channels and Pumping Power Losses 

Since the heat fluxes on the coolant channels are quite modest for low 

power fusion reactors such as DEMO, the coolant velocities in the blanket 

coolant channel are only of the order of 3 m/s. The pressure drop across the 

coolant channels for one of the longest (3 ra) blanket raodules is estiraated to 

be ~ 7 kPa (1 Psi). This pressure loss in the blanket results in puraping 

power losses ranch less than 1%. The therraal hydraulic performance of the 

blanket raodules can be Improved slightly (e.g., higher heat transfer 

coefficient) by using sraaller coolant channels than the ones used in these 

analyses. The use of sraaller coolant channels (e.g., 5.1 ram diameter coolant 

channels Instead of 5.1 ram radius coolant channels) will lead to larger 

pressure losses, but would still be less than 1% of the therraal power. The 

coolant velocities for the three blanket regions and the puraping power loss 

were summarized in Table 4-28. 

4.3.7.7 Purge Streara Therraal Hydraulic Analysis 

Sorae of the design considerations for the heliura purge gas system are the 

total nuraber of purge gas channels, flow rate through each channel, and the 

resultant pressure losses across each channel. Since the purge does not 

provide any cooling function for the breeder, the araount of purge gas and the 

total number of purge channels are based on considerations of adequate removal 

of the bred tritiura and the processing needs for the purge gas stream. Based 

on 150 g/day tritium production, two cases were analyzed. The desired partial 

pressure of tritium (as T,0) for the two cases was assumed to be lO"^ torr to 
in"l 
lu torr. After a few iterative calculations, th? problem was approached 
indirectly for the conditions presented in Table 4-32. 
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Table 4-32. Parameters Used for Purge Gas Flow Analysis 

Purge gas channel diameter, mm 2.0 

Number of purge gas channels 30,000 

Purge gas flow velocity, m/s 10.0, 1.0 

Purge gas inlet pressure, atm 1.0 

Purge gas inlet temperature, °C 200 

Purge gas channel length, m 2.5 

—2 -1 
Desired tritium partial pressure, torr 10 , 10 

The above set of data leads to tritium partial pressures of 0.0091 torr 

and 0.091 torr, respectively, for the two cases. These values are very close 

to the design goals. The pressure across the purge gas channels was found to 

be 14 kPa and 1.4 kPa (2.0 psi and 0.2 psi). These pressure loss values for 

the purge channels are considered acceptable. 

4.3.7.8 Summary and Conclusions 

The results of the two-dimensional thermal hydraulics analyses show that 

the use of rectangular blanket cells of appropriate dimensions to account for 

the variation in the nuclear heating rate results in a viable design 

concept. Based on the conservative analytical assumption of no intercell heat 

transfer, the dimensions of the cell modules in relation to the coolant 

channel dimensions and the location of the coolant channel within the blanket 

block will keep all the breeder within the allowable temperature limits. The 

thermal hydraulics parameters in Table 4-28 and the geometric parameters for 

the three blanket regions summarized in Table 4-29 (modified rectangular cell 

model) may be used as the interim design basis for the blanket. The major 

problem is assuring the overall gap conductance values required for the 

specific blanket regions. However, an experimental program is needed to 

develop methods (e.g., insulated coatings) for gap conductance control. 

The results of the parametric studies shows that combined uncertainties 

in power levels and thermal conductivities, each amounting to jf 10%, may lead 

to unacceptable temperature distribution. Individual uncertainties in gap 
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conductance or thermal conductivity values of + 10% may be acceptable. Power 

level uncertainties of + 10% over an extended period of time would probably be 

unacceptable for Li20 breeder. The pressure losses for the coolant and purge 

gas system are quite sraall, and the pumping power losses for the blanket 

coolant as a fraction of the thermal power are negligible. 

Although the thermal conductivity of the solid breeder plays a prominent 

role in the design of solid breeder blankets, appropriate changes can be 

incorporated Into the blanket design to account for low thermal conductivity 

of a specific solid breeder. There is sorae loss of tritium breeding ratio 

when a solid breeder having low thermal conductivity is used. In such cases, 

appropriate design changes (such as neutron multipliers and/or thicker 

blankets) may be sufficient to achieve an acceptable tritiura breeding ratio. 

4.3.8 Materials Corapatability 

Materials compatibility is an important consideration in the development 

of a viable blanket design. Primary areas of concern for the Li20 breeder 

concept Include: breeder/structure, coolant/structure, breeder/purge stream, 

and breeder/coolant compatibility. The first three issues involve normal 

operation whereas the breeder/coolant compatibility is of interest only in 

the event of off-normal conditions such as a coolant leak into the breeder 

region. 

4.3.8.1 Breeder-Structure Compatibility 

The compatibility pf solid breeder raaterials with candidate structural 

materials is an important consideration in the developraent of a solid breeder 

blanket. Cheraical interactions between the structure and the breeder could 

impact the mechanical integrity of the structural material and the tritium 

release characteristics of the breeder. Liraited experimental data are 

available on the compatibility of candidate structural materials with Li20. 

Also, raost of the data are from short term tests (<̂ 1000 h) and relatively high 

teraperatures (̂  600°C). Temperatures of interest in the present design are 

approxiraately 400°C. In general, tests have been conducted in a closed system, 

i.e., sealed capsules. Results will probably be significantly different under 

more realistic conditions where the oxygen and moisture partial pressures are 

controlled by the tritium recovery system. 
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Much of the experimental work on the compatibility of Li20 with structural 

alloys has been reported by Chopra,^^ Finn,^^, and Kurasawa.''°'''•'• Observa

tions from these studies on 316 stainless steel, HT-9 alloy and Inconel 625 

exposed to Li20 and several ternary ceramics, such as LiA102 and Li2Si03, are 

summarized as follows: 

• Li20 is much more reactive than the ternary ceramics under similar 
conditions. 

• Nickel and high nickel alloys are more compatible with all ceramics 
than are 316 SS and HT-9. 

• Although the reaction zones of 316 SS and HT-9 exposed to Li20 are 
significantly different, the reaction zone thicknesses do not differ 
greatly. 

• The reaction products Li5Fe0^ and LlCr02 are observed after exposure 
of both 316 SS and HT-9 to LijO. 

• LisFeOi, is predominant in the outer scale next to the LI2O whereas 
HCr02 is present near the alloy. 

• Significant amounts of Fe and Cr are detected in the Li20 scale after 
exposure to 316 SS and HT-9. 

• Sealed capsule tests tend to indicate a significant decrease in 
reaction rate with time. 

• These reaction products, LisFeOi, and LiCr02,, are quite volatile at 
the higher test temperatures (700°C). 

• Total scale thicknesses of IJ 50 pm were observed after 1000 h 
exposure of LI2O to 316 SS. 

The data base on the compatibility of Li20 with Type 316 stainless steel and 

HT-9 alloy is insufficient to evaluate the importance of this problem area for 

the conditions of interest, viz., temperature and oxygen and moisture pressure. 

Potential approaches for reducing the reaction rates include coating the steel 

surfaces with nickel or an oxide such as AI2O3 or LiA102. The impact of these 

solutions will require further neutronic and thermal-hydraulic analyses. 
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4.3.8.2 Coolant-Structure Compatibility 

Austenitic stainless steels, in general, have good corrosion resistance 

to degassed high-temperature water. The corrosion resistance is attributed 

primarily to the formation of an adherent protective spinel film of the type 

MaOk. The corrosion rate under well controlled conditions is about 

5 mg/dm^.raonth or about 0.75 um/y. 

The major concerns regarding compatibility of stainless steel and water 

relate to effects of water purity, stress, and steel microstructure. Sensiti

zation, i.e., precipitation of chromium carbides at grain boundaries that 

occurs after certain heat treatments, appears to have little effect on the 

corrosion rate of stainless steels in pressurized water with a pH of 7 to 

11. However, Intergranular attack has been observed in both Types 304 and 
72 

316 stainless steel exposed to water with a pH of 3.5. Stress corrosion 

cracking can occur in stainless steel structural components particularly under 

heat transfer conditions where steam blanketing can occur or at liquid-vapor 

interfaces which provide alternate wetting and drying. The principal probleras 

in this area relate to boiling-water reactor or steara-generator applications 

where chlorides or free caustic in water becorae sufficiently concentrated to 

produce cracking. If there is a concentrating raechanism present, chloride and 

caustic concentrations of the order of ppm in the bulk water can cause cracking. 

It is generally agreed that some oxygen is required to cause chloride cracking 

whereas none is required for caustic cracking. 

Hydrogen additions to water reduce the tendency for corrosion cracking. 

The raost susceptible areas are welds and the heat affected zones where micro-

structural changes have occurred and a residual stress is often present. The 

raicrostructural effects in the heat-affected zones can be rainimized by either 

reducing the carbon content or adding stabilizers such as Ti, Nb or Ta to the 

stainless steel. The cold-worked materials are generally regarded as more 

susceptible to stress-corrosion effects than solution-annealed material. 

Since the DEMO application is quite severe in that it includes: (1) high 

therraal stresses, (2) radiation that can cause hydrolysis of the water and 

raicrostructural changes in the steel, and (3) cold-worked material; attention 

must be given to these compatibility probleras. Further analyses should be 

conducted to evaluate the irapact of tritium control requirements on the water 

chemistry and subsequently on the compatibility effects. 
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4.3.8.3 Breeder-Purge Stream Compatibility 

The stability of Li20 in the helium purge stream proposed for tritium 

recovery is a major concern. Two key issues include: (1) the potential for 

mass transfer of lithium in the form of LiOT in the purge stream, and (2) the 

potential liquid phase (molten LiOT) sintering of the Li20 if the tritium (or 

T2O) pressure is high enough to precipitate LiOT. The assessment of these 

effects is given in Sec. 4.3.5.3. A secondary effect which must be evaluated 

relates to the potential problems that could arise as a result of LiOT pre

cipitation on the down-stream structural wall. 

4.3.8.4 Breeder-Coolant Compatibility 

During normal operation the coolant will not come in contact with the 

Li20 breeder material. However, the potential problems resulting from leakage 

of high pressure (12 MPa) water coolant into the breeder region are of concern 

since the blanket will contain on the order of 50,000 tubes with possibly twic« 

as many weld joints. Two key issues relate to (1) high pressure release into 

the breeder region and (2) formation of highly corrosive LiOH upon contact of 

the water with Li20. 

Thermodynamic analyses presented in Sec. 4.3.5.3 indicate that LiOH will 

form if water leaks into the Li20 region. The kinetics of the reaction have 

not been analyzed; however, the reaction is known to be exothermic (AH = 

8.4 KJ/g Li). The corrosion rates of austenitic steels in LiOH have not been 

measured for conditions of interest; however, the alkali metal hydroxides are 

known to be highly corrosive. The combination of high pressure, significant 

heat of reaction, and potentially high velocity as a result of turbulence 

from a leak could lead to rapid corrosion of adjacent structural material with 

a potential for propagating effects. More detailed analyses must be conducted 

to assess the severity of a coolant-breeder reaction that would result from 

a coolant tube leak. 
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4.3.9 Design Configuration 

This section provides a description of the conceptual design for the UjO 

solid breeder reference blanket (Sec. 4.3.9.1) and the related energy 

conversion system (Sec. 4.3.9.2). Rationale for blanket design detail choices 

is given in Sec. 4.3.9.3, and operational and safety considerations are 

discussed in Sec. 4.3.9.4. 

4.3.9.1 Design Description 

lhe interim reference first wall/blanket design for the Li20 solid 

breeder concept is illustrated schematically in Figure 4-17. Materials and 

design option selections and raajor operating pararaeters are listed in lible 

4-11. The reference blanket has only LijO In the breeding zone; an alternate 

-design (Figure 4-41) adds a neutron multiplier of solid berylliura and a second 

coolant panel (second wall) between the first wall and the solid breeder to 

Increase tritium breeding. The reference and alternate design concepts are 

being further developed and analyzed to ensure that design requirements are 

satisfied and to deterralne how well they satisfy the overall STARFIRE/DEMO 

project objectives. The designs will subsequently be compared and the final 

choice raade for the reference Li20 first wall/blanket raaterials combination 

and raechanlcal design. 

Reference Design 

Both the reference and alternate designs use the concept of Individual 

first wall/blanket raodules configured as parallelepipeds. These raodules are 

asserabled into sectors; eight of these identical sectors comprise the first 

wall/blanket systera for the reactor. Final module diraensions will be 

determined later In the study. This sector/module approach was adapted from 

the STARFIRE reactor design. Its principal advantages compared to other 

approaches and the rationale for its selection apply as well to STARFIRE/DEMO, 

and the related discussions frora Reference 1 will not be repeated here. 

lhe first wall is an actively cooled panel made of PCA austenitic stain

less steel. Details of the first wall design configuration were presented In 

Section 4.3.3.4. The basic concept Is common to both the reference and alter

nate LI2O first wall/blanket concepts. The plasraa-facing portion of the first 

4-114 



Electrical 
Intersector 

Connector 
Beryllium 
Neutron 
Multiplier 

Actively 
Cooled 
Internal 
Frame 

Fig. 4-41. Neutron multiplier/second wall zone for 
alternate LI2O breeder blanket design. 

wall consists of a I4-mm thick flat plate (10-mm of Be on 4-mm of PCA 

structure) with a corrugated 3.5-mm sheet of PCA resistance seam welded to the 

plate's rear face. The 10-mm layer of beryllium is eroded away during the 

blanket design life; the remaining 4-mm PCA plate thickness together with the 

corrugated sheet act as first wall structure and contain the water coolant. 

This structural panel continues down both sides of the modules to the rear of 

the breeding zone, but the 10-mm Be thickness ends at the edges of the plasma-

facing first wall surface. The inlet and outlet ends of the panel terminate 

in headers in the manifold zone. 

The first wall is mechanically and structurally integrated with the 

blanket. Intermediate, actively cooled frames within the breeding zone are 

welded to the back side of the first wall and to the rear wall of the breeding 

zone. 

lhe LijO breeder is contained within the boundary formed by the six sides 

of the module. The toroidally-oriented coolant tubes in the breeder zone are 

arrayed in banks as shown in Figure 4-17. Each tube makes a single pass 
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through the breeder. Each tube is fabricated from seamless PCA tubing in the 

CW condition; inside diameter is 10 mm for each tube, and wall thickness is 

0.625 mra. Tube spacing radially and poloidally through the breeding zone is 

oraded in proportion to the local nuclear heating rate, to ensure breeder 

rainlraum and maxltnum temperatures of 410°C and 660°C respectively at all 

points. Coolant teraperature Is raised from 260°C at the inlet to 300°C at the 

outlet by using the proper combination of flow rate and flow velocity produced 

by orlficing at each tube entrance. 

The breeder coolant tubes are U-shaped and terminate in the inlet and 

outlet raanifolds located immediately behind the back wall of the breeder 

zone. As in the STARFIRE design, these raanifolds connect all first wall/ 

blanket raodules within a sector. Tliere are two inlet and two outlet raani

folds, one of each for each of the two separate cooling circuits. The first 

wall and all even-nurabered coolant tube banks are connected to the first cir

cuit; the first coolant tube bank and all other odd-numbered banks are con

nected to the second circuit. Manifold segments are joined by welding to 

seals of omega-shaped cross section which accommodate raisalignment and any 

differential therraal expansion between segraents. 

Helium purge gas is used to remove tritium from the breeder. The low-

pressure (~ 1 atm), low flowrate gas is introduced into the pressure-tight 

breeding zone at one end (in the toroidal direction) of the module through the 

rear wall, lhe gas flows through narrow channels (~ 2 ram dia.) formed in the 

breeder, and exists through the rear wall at the other end of the module. The 

LljO breeder is fabricated in the forra of sintered or hot pressed blocks, 

which are fitted around the U-bend tubes during assembly of the blanket. 

Alternate Design 

lhe alternate design approach to the U 2 O solid breeder blanket, shown in 

Figure 4-41, adds a neutron multiplier and a second actively cooled panel 

(second wall) to the reference design. The neutron multiplier is solid beryl

lium, 5.7-cra thick at a 70 percent density factor. The second wall is con

structed of two PCA sheets, one flat (facing the breeder) and the other corru

gated as for the first wall. The second wall removes part of the nuclear heat 

frora the berylliura and frora the first few centiraeters of LljO breeder. later-
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costals join the first wall and second wall; these Intercostals are aligned 

with and fastened to frames which extend through the breeding zone to its rear 

wall. Hie result is an efficient, Integral structural unit which reacts all 

loads applied to the first wall/blanket module. Addition of the second wall 

requires that the first wall and all odd-numbered breeder coolant tube banks 

be connected to the first coolant circuit; the second wall and even-numbered 

banks are connected to the second loop. 

4.3.9.2 Energy Conversion System 

Based on the choice of H2O as the first-wall and blanket coolant for the 

Li20 blanket concept (see Section 4.3.3), the basic energy conversion system 

selected for STARFIRE has been adopted for this blanket concept in STARFIRE/ 

DEMO. Therefore, only a brief description of the system will be given here. 

The rationale for selection of this system is similar to that for STARFIRE. 

Separate heat removal systems operating at different pressure and teraper

ature levels are used for the first-wall/blanket and for the limiter. Dual 

parallel primary coolant loops cool the eight flrst-wall/blanket sectors. It 

is assumed that the power deposited in the limiter will be removed by the 

limiter/feedwater loop and used for feedwater heating in the steam power 

conversion systera. Thermal energy from other reactor components (e.g., 

shield, REB) is at such low teraperature that it cannot feasibly be used in the 

power conversion system. • 

A simplified schematic of the primary coolant system is shown in Figure 

4-42. A residual heat removal loop similar to that for STARFIRE is 

included. Supporting systems are not shown since they will have little if any 

Impact on other reactor systems. Major parameters of the primary coolant 

system are listed in I^ble 4-33. IWo independent circuits provide water 

coolant to each blanket sector through dual inlet and outlet headers (ring 

raanifolds). From the outlet header the hot coolant passes through a steam 

generator and then to the pumps from which it is returned to the inlet ring 

manifold. The pressurizers (one per loop) are connected directly to the inlet 

manifolds. The residual heat removal loop connects directly across the two 

ring raanifolds. Because STARFIRE/DEMO operates steady-state, a thermal 

storage system is not required. 
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An intermediate heat exchanger i s not considered to be required for this 

system to protect against t r i t i um perraeation in to the steam s i d e . If an 

intermediate loop is l a t e r shown to be necessary, an economic penal ty would 

resul t for the Li20 breeder/H20 coolant approach because of a s ign i f i can t 

reduction in therraal energy conversion e f f i c i ency . 

4 .3.9.3 Rationale for Design Detai l Select ion 

The key features of the LI2O breeder reference f i r s t wal l /b lanket design 

are l i s t ed in Table 4-34, together with the priraary reasons for t he i r 

se lec t ion . These features In general are s imi lar to those for the STARFIRE 

reference design blanket , and the r a t i ona l e for t he i r s e l ec t ion is likewise 

s imi lar . The reasons for the changes raade from the STARFIRE blanket , 

primarily in the f i r s t wall and manifold zones, are discussed in the following 

PRESSURIZERS 

STEAM 

GENERATORS 

STEAM 

GENERATORS 

t x K O i x j i 

Fig. 4-42. Schematic of energy conversion system 
for Li„0 solid breeder blanket. 

4-118 



Table 4-33. Major parameters for primary loop 

(Li20 breeder blanket) 

Coolant 

Heat Load 

Blanket Outlet Temperature 

Blanket Inlet Temperature 

Operating Pressure 

Number of Independent Loops 

Maximum Pipe Size 

Maximum Velocity 

Pumping Power 

Coolant Volume 

Number of Steam Generators 

Number of Pumps 

Pump Capacity 

Water 

850 MW 

300°C 

260°C 

11.0 MPa (1600 psig) 

2 

~ 1.0 m I.D. 

~ 20 m/s 

7 MW 
3 

~300 m (excluding pressurizers) 

2 per loop 

2 per loop 

50% of total required capacity 
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Table 4-34. Key features of selected design de ta i l s 

for Li20 sol id breeder reference f i r s t 

wal l /b lanket concept 

Firs t Hall : Be-clad Panel 

- Mlniraum nuraber of pressure boundary welds 

- Separates s t r u c t u r a l and sur face - re la ted requirements 

- All plasraa charaber components coated with same mater ia l (Be) 

- Low s t ruc ture temperature (<400°C) 

- Mechanically and s t r u c t u r a l l y In tegrated with blanket 

Breeding Zone: Sintered Ceramic with Coolant In Tubes 

- All tube welds located outside of breeder zone in low-fluence region 

- High pressure coolant contained in sraall-dlameter tubes 

- Coolant tubes oriented t o ro ida l l y 

- Tube spacing graded to conform to energy deposi t ion p ro f i l e 

- Reduced density ceramic (70% d . f .wi th biomodal poros i ty) to f a c i l i t a t e 

tri t iura recovery 

- lx)w pressure He purge streara for t r i t iura recovery 

- Coolant out le t temperature and pressure reduced (from STARFIRE) to 

increase r e l i a b i l i t y 

Manifold Zone: Tubular Manifolds 

- Most coolant systera welds located within vented secondary contalninent 

to accommodate rainor leakages while reactor continues to operate 

- Steel and water, together with sh ie ld , serve as neutron r e f l ec to r s 

Dual Independent Priraary Coolant Loops 

- Dual loops throughout each module and sector to provide adequate af ter

heat removal even If only one loop Is operable 
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and water is not included. The total amount of structure required for the 

first wall Is also reduced because no separate first-wall-to-blanket-wall 

connections or structure are required. Maintainability and availability are 

not affected, since downtime for changeout of an integrated module would be 

equal to or less than downtime) for changeout of a separate first wall or a 

separate breeding blanket. 

Neutron Multiplier/Second Wall Zone (Alternate Concept Only) 

The primary motive for the use of 1^2^ ^s the tritium breeding raaterial 

in a power reactor blanket is the anticipated achievement of a net breeding 

ratios >1 without using a separate neutron multiplier. However, the addition 

of a neutron multiplier to a Li20 blanket can produce much higher breeding 

ratios (1-D basis) than can LijO alone. This can permit significant 

improvements in the reactor design, primarily the reduction in capital costs 

resulting from reducing the reactor geometric envelope as a result of not 

requiring a breeding blanket on the inboard wall. 

Tlie choice of beryllium as the neutron raultiplier is clear, for the 

STARFIRE/DEMO alternate design Li20 blanket. Table 4-35 lists the applicable 

physical properties of beryllium. Table 4-36 presents the comparative 

advantages and disadvantages of the two primary candidates, berylliura and 

lead. The principal disadvantage of lead as a neutron multiplier in a power 

reactor relate to its low melting point (327°C) and potential corrosion 

concerns. Cooling the lead with primary coolant — whether with internal 

coolant tubes or with coolant panels at the front and back faces — results in 

lead temperatures well above the melting point. This leads to long-term 

corrosion problems for the austenitic stainless steel structure which must 

contain the lead. The principal advantages of beryllium are higher neutron 

raultiplication, high melting point, and good thermal conductivity, all of 

which are iraportant to the performance and safety of STARFIRE/DEMO. Swelling 

of berylliura caused by internal generation of heliura can be accommodated by 

Incorporating significant porosity (20-30%) into the microstructure. 

Toxicity, although a concern, does not appear to be prohibitive either before 

reactor operation — since fabrication methods have been developed — or 

subsequent to reactor operation, because fully remote maintenance or 
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TSible 4-35. Properties of solid beryllium 

1 Value Property 

Density, g/cm"̂  

Melting Point, °C 

Specific Heat, J/g-K 

I? 25°C 

@ 300°C 

@ 700°C 

Therraal C o n d u c t i v i t y ^ , W/ra-K 

@ 25°C 

@ 300° C 

@ 700°C 

Vapor Pressure, Pa 

@ 25°C 

@ 300°C 

@ 700°C 

1.85 

1278 

2308 

2583 

2983 

98 

76 

57 

2 . 9 X 

9.4 X 

1.8 X 

10" 

10" 

10" 

-27 

•13 

•7 

At 25''C unless otherwise specified 
2 
For material at 70% of theoretical density 
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Table 4 -36 . Comparison of beryll iura and lead as neutron m u l t i p l i e r 

m a t e r i a l s for STARFIRE/DEMO 

Category Beryllium Lead 

Advantages Very good neutron m u l t i p l i e r . 

Good thermal c o n d u c t i v i t y . 

Low d e n s i t y . 

High heat capacity. 

Solid at operating temperature. 

Good electrical conductivity. 

Low decay heat after shutdown. 

Good neutron 

multiplier. 

Low decay heat after 

shutdown. 

Availability. 

Disadvantages Resource concern for large 

fusion reactor economy. 

Toxicity. 

Radiation damage (Helium 

generation). 

Highly corrosive. 

Volume increase, 

solid to liquid. 

High density. 

Low electrical 

conductivity. 

Low thermal 

conductivity. 
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disassembly operations would be required in any event. Berylliura resources 

are certainly not a concern for STARFIRE/DEMO, and were shown in Appendix C of 

Reference 1 to be adequate for a reasonable nuraber (>80) of STARFIRE-slzed 

coraraercial reactors. 

The second wall design is similar to that used for the STARFIRE design, 

and the rationale for its selection will not be repeated here. 

Tritiura Breeding Zone 

The breeding zone configuration of the LI2O solid breeder reference 

design blanket is slrailar to that for STARFIRE. The primary difference is the 

absence of the neutron multiplier and second wall. Elimination of the neutron 

multiplier automatically removes the need for a second wall because the first 

wall serves as the actively cooled front wall of the breeding zone. This sim

plifies the blanket design and the connections into the inlet and outlet 

manifolds. 

The toroidal coolant flow direction was selected over the radial flow 

direction, because radial flow results in a nuraber of iraportant relative 

disadvantages for concepts using solid breeders and pressurized water 

coolant. An exaraple of a radial flow blanket design is described in Reference 

73. This blanket, designed for a field-reversed rairror device (FRM), uses 

helium coolant to cool Inconel-clad plates of Li20. The choice of water 

coolant over heliura was discussed in Sec. 4.3.3. The primary disadvantages of 

the radial flow blanket approach (as described in Reference 73) may be briefly 

suraraarlzed as follows: 

• Pressurized modules with flat walls are less desirable than small-

diameter tubes to contain high pressure coolant. (Such raodules would 

be needed for tokaraaks; a more efficient large cylindrical module as 

used for the RFM^^-'^) 

• The LljO plates (2.1 era average width have average centerline 

teraperatures of ~ 800-1000°C or higher, which are considered to be 

excessively high (see Sec. 4.3.5). The analysis^^^^ assumes perfect 

contact between clad and Li20 (i.e., no teraperature Increase at 

interface) which has not been demonstrated. 
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• The concept relies on very closely controlled 1-mm constant width gaps 

between adjacent plate surfaces. The much lower Li20 temperature 

range allowed for STARFIRE/DEMO would require gap widths which vary 

significantly with depth into the blanket, which would compound 

tolerance control difficulties. 

• A helium purge gas piping system is required within the blanket. 

Separate inlet and outlet connections must be made to each Inconel-

clad Li20 bar. 

0 An auxiliary cooling system for the blankets was identified^^''^ as 

necessary to remove afterheat in the event of a LOCA, but the design 

and method of operation of such a system were not described. 

For these reasons, the toroidal flow concept was judged to be preferable 

overall to radial flow for the STARFIRE/DEMO Li20 blanket. 

Control of the breeder temperature range is aided by use of a ceramic 

insulator applied to the coolant tube outer surface. The insulator thickness 

is varied such that breeder rainlmura temperature is maintained at 410°C; this 

is achieved by matching the thermal drop through the tube, insulator, and 

insulator/breeder contact interface so that the effects of increased coolant 

teraperature along the tube length are compensated. This approach to breeder 

temperature control is preferable to the use of helium-filled gaps between 

coolant tube and breeder. There are other considerations which affect breeder 

temperature control, among which are the effects of: (1) variations in 

breeder thermal conductivity; (2) variations in nuclear heating rate during 

operation; and (3) non-uniform gaps due either to tube sag or to compression 

of the breeder at the breeder/tube Interface under thermal cycling. Some of 

these effects were examined in Section 4.3.7. Further work is needed to 

define other methods of minimizing variations in, and controlling the 

raagnitude of, the temperature difference between the breeder and coolant tube 

surfaces. 

The selected coolant outlet temperature of 300°C for STARFIRE/DEMO is 

20°C lower than for STARFIRE, although the coolant inlet-to-outlet temperature 

difference of 40°C is the same. The lower outlet temperature will result in a 

lower thermal energy conversion efficiency, but it permits a reduction in 
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nominal coolant pressure from 2200 psi to 1600 psi. The reduction in coolant 

teraperature and pressure should lead to Increased blanket and coolant systera 

reliability for STARFIRE/DEMO, and on this basis the reduction in efficiency 

is acceptable. 

Manifold Zone 

The U-shaped breeder coolant tubes connect to the large-dlaraeter inlet 

and outlet raanlfold tubes to permit dual parallel coolant circuits which 

assures safe cooldown of all the flrst-wall/blanket raodules in the event of 

the loss of one coolant circuit. The raanlfold segraents are joined together by 

welding to Interraediate seal rings of oraega-shaped cross section. These rings 

accommodate Initial ralsallgnraent during either blanket sector asserably or 

module replacement, and differential therraal expansion during operation. The 

seals simplify removal of the raodules during operations in the hot cell, since 

far fewer module replaceraent connections need to be cut and rewelded compared 

to the small-diaraeter heaters placed between the U-bend tubes and manifolds in 

the STARFIRE reference blanket. Connecting the tubes to raanifolds at the rear 

of the blanket is considered preferable to using end plenums (as in INTOR^ ') 

primarily because it avoids difficulties In integrating the high-pressure 

coolant plenums of the first wall with those of the blanket. Additional work 

is needed, however, to determine whether the use of seal rings is preferable 

overall to the header/raanifold systera in STARFIRE. Further neutronics 

analyses will help deterralne whether a separate additional reflector is 

required, as used for the STARFIRE design. 

4.3.9.4 Operation/Safety Considerations 

The most important considerations in the operation of a LijO solid 

breeder blanket are (1) the importance of maintaining breeder temperature 

within the desired range, (2) safe removal of blanket (and first wall) after

heat, and (3) the consequences of breeder/coolant contact in an accident 

situation. These considerations and the reasons for their iraportance are 

suraraarlzed in Table 4-37. 

The Importance of raalntalning the breeder between 410°C and 665°C was 

addressed in Section 4.3.5. The concerns regarding (1) excessive vapor trans-
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Table 4-37. Principal operation/safety considerations 

for Li 0 breeder reference blanket 

Importance Remarks 

Maintain ing breeder tem

perature w i t h i n l i m i t s 
Temperatures exceeding T = 665 C 

lead t o excessive t ranspor t of LiOH 
vapor i n purge stream 

Temperatures below ] = i^^O°C lead 
min 

t o p r e c i p i t a t i o n o f LiQH, and poss i 
b le low-temperature s i n t e r i n g which 
tends to i n h i b i t t r i t i u m release 

Further work required: 

- Combined effects on 

breeder temperature 

of local variations 

in breeder proper

ties and wall load

ing 

- Condit ions which can 
produce low-tempera
tu re s i n t e r i n g 

- Methods of control

ling breeder/tube 

thermal conductance 

Safe removal of blanket 

afterheat following a 

coolant loop accident 

Temperature increases in blanket can 

lead progressively to annealing of 

structure and breeder thermal sinter

ing, which preclude reuse 

Dual parallel coolant 

loops nearly eliminate 

possibility of unac

ceptable temperature 

increases 

Breeder/coolant contact 

as result of smaller 

large coolant leak 

Pressure pulse created can rupture 

module wall 

Corrosive LiOH resulting from 

breeder/coolant reaction can damage 

other blanket areas, coolant system, 

or other components 

Further work required 

to determine conse

quences to system from 

LiOH corrosion 

Blow-out plugs in 

module walls vent 

over-pressures without 

rupturing module 
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port of LiOH frora the blanket via the purge stream at breeder teraperatures 

above ~ 665°C and (2) the precipatlon of LiOH as a second phase at terapera

tures below ~ 4I0°C, are both considered to be potentially serious problems 

for Li20 as a breeder which require further investigation. 

The safe reraoval of afterheat from the Li20 breeder reference or alter

nate design blanket is assured by the use of dual parallel coolant circuits, 

either of which is adequate to safely remove the heat energy even at very low 

coolant flowrates. Total blanket decay heat is ~ 14.5 MWth at shut-down, 

decreasing to ~ 2-3 MWth several hours after shutdown. This coolant system 

arrangement provides the maximum capital investment protection for the plant 

by keeping all blanket sectors and modules reusable except for any initially 

failed module. 

The pressure pulse created when the high-pressure, high-temperature water 

coolant leaks frora a coolant tube and contacts the hot solid breeder will be 

safely vented frora the blanket by a systera of blow-out plugs in the module 

walls at the end of channels which are in line with the axes of the longest 

portions of the coolant tubes. This concept requires further analytical 

investigation, however. Of perhaps even raore iraportance, in terras of 

protecting plant capital investraent, is the LiOH forraed in large quantities 

upon the occurrence of such an accident. The LiOH could enter both the 

coolant systera and purge systera, with unknown consequences of Increased 

corrosion. Further work is required to define the severity of such LIOH 

releases. 
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4.4 Li-Pb Alloy Breeder Blanket 

A summary of the work performed in support of the Li-Pb alloy breeder 

first wall/blanket concept is presented Section 4.4.1. The remaining 

subsections of 4.4 deal with specific related topics: 

Section Subject 

A.lt.2 Design Considerations 

4.4.3 First Wall 

4.4.4 Neutronics Analysis 

4.4.5 Properties of Li-Pb 

4.4.6 Tritium Recovery 

4.4.7 Thermal-Hydraulics Analysis 

4.4.8 Materials Compatibility 

4.4.9 Design Configuration 

4.4.1 Summary 

Liquid Li-Pb alloys have several attractive properties for use as a 

tritium breeder in a fusion reactor, particularly neutronics properties. The 

neutron multiplication by the lead provides excellent tritium breeding 

performance and the neutron attenuation properties of the alloy are attractive 

for radiation shielding. The 17Li-83Pb eutectic alloy, which has a relatively 

low melting temperature of 235°C, is selected as the reference breeding 

material for the liquid breeder portion of the pres<ent study. Although the 

10Li-50Bi-40Pb alloy has a melting temperature approximately 100°C lower than 

the Li-Pb binary alloy, the polonium generation from the bismuth and the 

poorer compatibility of bismuth (compared to lead) with structural materials 

make this ternary alloy less desirable. 

The most important initial consideration for the blanket design is 

whether to use Li-Pb as both breeder and coolant, or to use a separate gas or 

liquid coolant. Economics-related issues (e.g., pumping power losses, energy 

conversion system component design, and efficiency), safety, and blanket and 

coolant system design complexity are of primary concern. The most important 

materials-related concerns pertinent to the design evaluations are: the high 

density of Li-Pb — which increases blanket structural requireraents (and 

pumping power requireraents if used as a coolant); the maximum allowable 

structural temperature — about 450°C for ferritic steel because of 

compatibility concerns; and the low solubility of tritium in Li-Pb — which 
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impacts both tritiura containraent and tritium recovery. For separate coolant 

concepts, additional important design considerations are breeder/coolant 

compatibility, control of tritium permeation into the coolant, breeder 

containment approach, and coolant containment approach (e.g., pressurized 

module or small-diameter tubes). Induced MHD forces are also Important 

concerns for Li-Pb breeder/coolant concepts and for liquid-metal coolant 

(i.e., sodium) concepts. Both design concepts (i.e., with and without a 

separate coolant) were analysed. Conclusions presented for the Li-Pb flrst-

wall/blanket are based on prellrainary analyses. More in-depth analyses will 

be performed to verify these conclusions and to better quantify the design 

constraints and operating llraits. 

Heliura, pressurized water, and liquid sodiura have been considered as 

potential coolants for the separate-coolant concepts. Primary disadvantages 

of heliura relate to: (1) shielding problems, particularly in the inboard 

blanket; (2) design constraints imposed by the use of a high pressure coolant 

in a liquid metal system; (3) lack of a structural raaterial that is compatible 

with both helium and Ll-Pb at acceptable operating teraperatures, and (4) 

econoraic penalties associated with high pumping power requireraents and a raore 

expensive heat transport and energy conversion systera. Pressurized water is 

considered to have two serious disadvantages: (1) perceived safety problems, 

in terms of a large-scale expulsion of Ll-Pb breeder frora the blanket as the 

result of Li-Pb/water contact; (2) high tritiura permeation rates through 

coolant containraent structure into the water. Sodiura, on balance, is 

considered at present to be the best separate coolant, primarily because of 

its good thermal-hydraulic characteristics, its low reactivity with Li-Pb, and 

its potential to serve as a tritiura-recovery raediura without requiring Li-Pb 

circulation. However, MHD effects and reactivity of sodium with water and air 

are major concerns with sodium coolant. 

Ferritic steel appears to be the most appropriate choice for the 

structural material, primarily because of compatibility considerations. It is 

questionable whether stainless steel can be used with Li-Pb because of poorer 

compatibility that results from the higher nickel concentration. Vanadium 

alloys probably have better compatibility with Li-Pb because of lower 

solubilities in lithium and lead; however, no experimental data are 

available. Also, compatibility with'the separate coolants would be a major 

consideration for these concepts. 
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The first wall of the sodium-cooled Li-Pb blanket is cooled by sodiura, 

and has the same general configuration as the first wall of the LijO blanket 

concepts. The channel size and spacing are modified to account for the lower 

sodium coolant pressure (< 0.5 MPa) and differing thermal-hydraulic 

characteristics. For the Li-Pb breeder/coolant blanket concept, the first 

wall is formed by the semi-elliptical heads of the elongated radial flow cell 

which forms the first wall/blanket module. The first wall surface for both 

concepts can be clad with 10-mm thick beryllium for purposes of plasma 

impurity control. 

Neutronics analyses for the Li-Pb breeder blanket indicate that breeding 

ratios of about 1.5 to 1.6 (1-D basis) are attainable for blankets with full 

coverage and 70-cm depth, depending on first wall materials and thicknesses. 

However, the Li-Pb must be highly enriched (~ 60-70% of ^Li) to achieve these 

breeding ratios. A Li-Pb blanket with natural lithium will provide a breeding 

ratio of only 1.2-1.3 for otherwise similar conditions. 

Key properties of 17Li-83Pb that have major impact on the design include 

melting temperature (235°C), relatively high density (9.4 g/cm ), and its 

relatively low solubility for hydrogen (tritium). For a relatively high 

tritium pressure of 1 Pa, the amount of tritium dissolved in the alloy is only 

about 4.4 weight parts per billion at projected operating temperatures. This 

low solubility has important implications regarding tritium recovery, tritiura 

inventory and tritium containment. Tritium permeatjon rates at this pressure 

are quite high for most structural materials. The heat of reaction of the 

17Li-83Pb alloy with air and water is lower than that of liquid lithium by a 

factor of ten when compared on a unit volume basis. 

Tritium recovery and containment problems associated with the Li-Pb 

breeder have been evaluated for the separately cooled concepts as well as the 

Li-Pb breeder/coolant concept. Because of the low solubility of tritium in 

17Li-83Pb, fairly high tritium pressures (about 1 Pa) are required for 

acceptable flowrates if Li-Pb is used as the tritium recovery fluid. These 

high tritium pressures create tritium containment difficulties in the ex-

reactor system, e.g., the steam generator and piping. An intermediate heat 

exchanger or a double-walled steam generator would be required to reduce 

leakage of tritium to acceptable levels. Tritium permeation in a water-cooled 

blanket concept would also be excessive unless a double-walled coolant 

containment is employed in the blanket. For the case of sodium as the 
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coolant, permeation rates into the sodium appear to he sufficient to use the 

sodium as the tritiura recovery fluid. Recovery of tritium from the sodium by 

cold-trapping appears to be an attractive method. The raolten salt extraction 

process is considered the raost appropriate raethod for direct recovery of 

tritiura frora Li-Pb. 

Compatibility with the structural raaterial is a key feasibility question 

for the Li-Pb breeder blanket concept. The raaxiraura blanket operating 

temperature will probably be limited by corrosion/compatibility criteria. 

Since the data base for 17Li-83Pb is very limited, the corapatlbility 

assessraent is based extensively on extrapolations of results from similar 

types of systems, e.g., pure lead and pure lithium and limited static Li-Pb 

compatibility tests. Critical issues include (1) corrosion/mass transfer 

effects, and (2) stress corrosion effects. Because of the high solubility of 

nickel in both lithium and lead, structural alloys containing significant 

amounts of nickel are subject to extensive mass transfer at higher 

teraperatures. Corrosion of austenitic steels in a large heat transport system 

are believed to be excessive at acceptable operating temperatures (> 400°C). 

Those ferritic steels with no nickel should be more resistant to mass transfer 

effects; however, low teraperature (about 350°C) liquid metal embrittleraent 

phenomena are of concern for structures under high stress. Additional 

experiraental data are required to raore accurately define the operating 

limitations of the candidate structural alloys. 

Design details of the first wall/blanket for both the sodiura-cooled and 

self-cooled Li-Pb breeder blanket concepts remain to be developed, subsequent 

to further structural and thermal-hydraulic and analyses. The configurations 

described indicate the general design features projected from the preliminary 

analyses. The conceptual sodiura-cooled first wall/blanket design (Sec. 4.4.9) 

is illustrated in Figure 4-43; major parameters are listed in Table 4-38. The 

module/sector approach used for the LijO breeder blanket was adopted for the 

Ll-Pb breeder blanket also. The first wall and blanket are integrated 

mechanically and structurally. The first wall consists of a beryllium-clad 

corrugated panel. The breeder zone and first wall are cooled by low 

pressure (< 0.5 MPa), high temperature (~ 275° Inlet, ~ 400°C outlet) liquid 

sodium, contained in sraall-dlameter toroidally-oriented tubes or channels 

which are connected to inlet and outlet manifolds at the rear of the 

blanket. Tritiura permeates through the coolant tube walls from the Li-Pb into 
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Fig. 4-'t3. Sodiura-cooled lithium-lead breeder reference blanket design. 



Table 4-38. STARFIRE/DEMO Lithium-Lead Alloy Breeder 
Reference Design Description 

Selected Materials 

- Tritiura Breeder 

- Coolant 

- Structure 

Liquid 17Ll-83Pb Alloy 

Liquid Sodium (.< 0.5 MPa) 

- Inlet teraperature -vSOO'C 

- Outlet teraperature TJ400°C 

Ferritic Stainless Steel 

Selected Design Options 

- F i r s t Wall Be-clad Corrugated Panel 

- Breeder Coolant Containraent Small-diameter Tubes 

- Other 

- Toroidal direction for coolant flow 

- Dual parallel primary coolant loops 

- Maintenance by sector removal and replaceraent 

the sodium; a sraall percentage of the flow rate Is processed externally by 

cold trapping to remove the tritium. Module Internal pressure is minimized by 

using the internal frames to form a series of pressure-tight compartraents 

within the raodule. For the vertical and slanted outboard raodules, raost of the 

gravity load acting on these frames is reacted to the module rear wall through 

closely-spaced frame stiffeners. Dual parallel primary coolant loops are 

provided to effect safe removal of afterheat in the event of a coolant loop 

failure. First wall/blanket maintenance is performed by sector removal and 

replaceraent, to rainiraize reactor downtime. 

The conceptual flrst-wall/blanket design for the Li-Pb breeder/coolant 

concept is slrailar to a design proposed for liquid lithium (6) 
The blanket 

raodule cross section has the forra of a double cusp; the berylliura-clad f i r s t 
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wall is formed by the semi-ellipsoidal domes which comprise the front face of 

the module. The flat side walls of the module are stiffened by internal 

frames which self-react loads due to internal pressure (~ 1-2 MPa) and which 

react the gravity loads of the Li-Pb from the side walls and first wall to the 

back wall and sector structure. The Li-Pb enters the blanket through radial 

standplpes at about 300°C and is channeled directly behind the first wall at a 

velocity of about 3 m/s. The liquid metal then slowly circulates toward the 

back of the blanket to the outlet manifold. A fraction of the coolant is 

diverted to a tritium processing system for tritium recovery. An intermediate 

heat exchanger is located as close to the reactor as possible to minimize the 

amount of Li-Pb required. First wall/blanket maintenance is performed by 

sector removal and replacement. 

4.4.2 Design Considerations 

The most important initial consideration in the design of the Li-Pb 

breeder blanket is whether to use a separate coolant for the Li-Pb breeder, or 

to use the Li-Pb as both breeder and coolant and to circulate it into and out 

of the reactor. The two approaches are discussed in Sections 4.4.2.1 and 

4.4.2.2 respectively; Section 4.4.2.3 presents a comparison of the two 

approaches. 

Table 4-39 lists the principal considerations, ̂ issues or concerns, and 

candidate design detail options involved in the mechanical and structural 

design of the Ll-Pb alloy breeder first wall/blanket. Where appropriate, 

distinction has been made between areas applicable to only the separate cool

ant approach or to the Li-Pb breeder/coolant approach. 

The issues presently considered most important to blanket designs using 

Li-Pb breeder area: 

• Effects of breeder/separate coolant contact in an accident 

• Structure temperature limit 

• Control of tritium permeation into separate coolant 

• Pumping power basis 

- MHD effects (sodium or Li-Pb as coolant) 

- High coolant mass flow rate (Li-Pb as coolant) 

• Breeder containment approach 
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Most of the design Issues l i s t e d in I^ble 4-39 as well as those above, are 

related to specif ic c h a r a c t e r i s t i c s of the Li-Pb a l l o y : 

o Relat ively high c o r r o s i v l t y to s t r u c t u r a l raaterials 

0 High density 

0 Low tri t iura s o l u b i l i t y 

The reasons for the iraportance of the i s s u e s , and the advantages and disadvan

tages of the various options for design d e t a i l s , are discussed in the follow

ing three subsections, as well as in Sections 4 .4 .3 and 4 . 4 . 9 . The ra t ionale 

for select ion of the d e t a i l s for the Li-Pb breeder reference f i r s t wall / 

blanket design is also presented in Sec. 4 . 4 . 9 . 
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Table 4-39. Design considerations for Li-Pb aJloy breeder blanket 
(separate coolant concept and Li-Pb breeder/coolant concept) 

Consideration Primary Issues or Concerns "Mi 
Breeder temperature con t ro l o S t ruc tu re temperature l i m i t 

o Breeder movement due to E-M 
forces and thermal g rad ien ts 

Breeder containment 

Coolant containment 

Tr i t ium removal 

0 High g r a v i t y loads and 
hyd ros ta t i c pressures due to 
high dens i ty 

R e l i a b i l i t y against leaks 
Coolant pressure and 
temperature 
St ruc ture temperature l i m i t 
MHD e f f e c t s ( l i q u i d metal 
coo lants) 

(Separate coolant) 
o Permeation into coolant 

(Separate coolant) 
o Ac t i ve l y -coo led s t r u c t u r e 

o Containment method: 
Compartmental ization wi th 
modulator (separate coolant 
on ly ) 

- Large modules 

(Separate coolant) 
o Containment method: 

Bo t t l e ( cy l i nde r ) 
Smal J-diameter tubes 
Coolant panels 

0 Plenum l o c a t i o n : 
- Nbdul e ends ( t o r o i d a l l y ) 

Rear o f b lanket 
(L i -Pb breeder /coolant) 
o Containment method: 

Bot t l e (cy l inder) 
Pressurized module 
Large-diameter t i i e s 

(Separate coolant ) 
0 Removal methods: 

Permeation i n t o coo lant 
Li-Pb c i r c u l a t i o n for o u t -
o f - r e a c t o r processing 

- DoJale wall coolant tubes 
w i th purge he l iun i n 
annulus 

Eoergy conversion system 

Safety 

Thermal eneryy recovery 
efficiency 
- Coolant AT, T 
Component capital costs 
Pumping power losses: 
- MHD effects (liquid metal 

coolant) 
- High mass flowrates (Li-Pb 

breeder/coolant) 

Effects of breeder/separate 
coolant contact in accident 
Blanket afterheat removal 
Tritium inventory in breeder 
and coolant 

Heat exchanger options; 
Intermediate heat exchanger 
(IHX) 
Steam generator: 
- Single wal 1 tubes 
- Double wal 1 tiiies 

Blanket protection methods: 
Double wall coolant tiiaes 
(separate coolant) 

- Module walls designed to 
full coolant pressure 

Afterheat removal 
Dual parallei coolant 
circuits (separate coolant) 
Emergency coolant circuit 
(separate coolant) 

- Via radiation and 
conduction 
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4.4 .2 .1 Separate Coolant Concepts 

This section describes the de f in i t i on and evaluat ion of design concepts 

featuring Li-Pb breeder blankets cooled by a d i f fe ren t f l u i d s . The rat ion

ale for se lec t ion of sodiura as the best separate coolant for a STARFIRE/DEMO 

Li-Pb blanket is discussed. 

Candidate Coolants and Design Concepts 

The three separate coolants considered were heliura, pressurized water, 

and sodium. Design concepts and major operat ing pararaeters for the coolant 

were selected to show each coolant to best advantage. Figure 4-44 i l l u s t r a t e s 

the concepts and l i s t s the pararaeters. Rationale for concept and parameter 

se lect ion is discussed below as par t of the evaluat ion of concepts . 

Coraparison of Approaches 

The c r i t e r i a of priraary iraportance for se l ec t ion of the best Li-Pb 

breeder/separate coolant concept were (1) e x t r a p o l a b l l l t y to coraraercial reac

tor conditions in terras of econoraic corapeti t iveness, (2) safety during acci

dents, and (3) protect ion of c a p i t a l investraent during an acc ident . 

The resul t s of the comparative evaluat ion of the three candidate coolants 

for Li-Pb breeder blankets are shown in Table 4-40. On balance, cooling with 

raolten sodiura appears the best approach of the th ree , p a r t i c u l a r l y because of 

i t s corabination of perceived advantages in econoraics and in safety re la t ive to 

the other coolants . 

The design concept selected for the heliura coolant Is that of the ORNL/ 

Westinghouse hellura-cooled lithiura cyl inder ( R e f e r e n c e ? ) . This concept 

eliminates the p o s s i b i l i t y of l a rge - sca le rupture of the H-Pb container due 

to a pressure pulse, since the Li-Pb cyl inder Is designed to withstand the 

ful l coolant pressure l e v e l . The r ad i a l coolant flow approach also takes 

raaxiraura advantage of the r e l a t i v e l y low allowable helium o u t l e t temperature, 

by (1) cooling the f i r s t wall before cooling the breeder, and (2) enabling 

coolant out le t teraperature to be as close as possible to the maxiraum allowable 

s t ruc tu ra l teraperature. Tritium i s assuraed to be recovered by processing the 

heliura coolant streara to remove t r i t i um which permeates through the cylinder 
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•"OUTLET -400°C 

Figure 4-A4. Blanket design for candidate separate coolants. 
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Table ^1-40. Comparison of separate coolant approaches 
for Li-Pb breeder blanket 

Consideration 

Blanket design 

Trit ium breeding 

Trit ium removal 

Hel tun 

o Bot t le 

o n-20% voids 

o Permeation i n to 

helium cool ant 

Water 

o Slab 

Sodium 

o Slab 

o More than adequate o Mare than adequate 

0 Processing of low- o Cold trapping of 

f lowrate Li-Pb stream sodium coolant 

Safety 
0 Afterheat removal 

fol lowing coolant 
system accident 

o Dual c i r c u i t s not o Dual p a r a l l e l 
poss ib le ; emergency c i r c u i t s 
c i r c u i t ( s ) needed 

o Dual paral le i 
c i r c u i t s 

o Trit ium permeation 

0 Consequences of L i -
Pb/coolant contact 

o Consequences of 

coolant contact 

with a i r , water, 

or concrete 

o High permeation rate o High permeat ion r a t e High permeation 
in to coolant ; used I n t o coolant r e q u i r e s rate in to coolant; 
for t r i t i u n recovery c o s t l y process ing or ^^^^ f^^j. t r i t i u n 

o Possible pres

sur lzat ion of 

breeder region 

o None 

double wall containment 
recovery 

o Possible expulsion of o No severe conse-
Li-Pb quences; minimal 

0 H formed by chemical chemical reaction 
react ion 

o None o Highly reactive 

Economics 
0 Inboard blanket 

thickness 
0 Moderate 

o Thermal conversion 
ef f ic iency 

o Intermediate heat 
exchanger 

Low due to reduced 
coolant T 

0 None required 

o Reduced i f double o Acceptable 
walled tubes required 
i n blanket or i f IHX 
18 required 

o Not acceptable o Possibly required 

(economic penalty) for t r i t ium 

containment 
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wall. This means that the U-Pb cylinders can be individually sealed and that 

circulation of Li-Pb is not required, a distinct advantage. 

The primary drawback of helium coolant, as discussed in Section 5.4.2 of 

Reference 1, is its economic disadvantages when extrapolated to commercial 

reactor conditions (e.g., 3.5-4.0 MW/m^ neutron wall loading). These disad

vantages fall into the categories of gross thermal efficiency and puraping 

power requirements. 

An added handicap for helium is the relatively low allowable coolant 

outlet temperature. The ferritic stainless steel assuraed here for construc

tion of the cylinder concept has a maximum teraperature limit of 450°C, which 

is 29°C lower than the structural T^g^ reported in Reference C for austenitic 

stainless steel for the ORNL/ Westinghouse design (10-cm cylinder o.d. at 4 

MW/m wall load). Reducing that 1̂ ,̂̂  to the 450°C lirait would reduce the 

helium outlet teraperature by approximately the same teraperature difference, 

i.e. from 421°C to 392°C. (The comparison of helium and water coolants in the 

STARFIRE report assumed a heliura outlet temperature of 475°C, and PCA austeni

tic stainless steel as structure.) Since gross thermal efficiency was only 

30% initially for the 421°C helium outlet teraperature ( ~ 6% less than 

STARFIRE's gross therraal efficiency), the further temperature reduction is 

considered to place the economics of a helium/Ll-Pb blanket in a poor competi

tive position at coraraercial reactor conditions. 

The design concept for the water coolant is the slab module shown in 

Figure 4-44. It has several relative advantages for water coolant over the 

bottle approach. First, the high percentage of lost breeding volume for the 

bottle approach is reduced to a low value. Second, first wall and breeder can 

each be cooled by separate flows, each of which uses the full coolant AT. 

Third, these coolant flows would be contained within small-diameter channels 

or tubes, which are structurally more efficient than large-diameter cylin

ders. In addition, dual coolant circuits can be incorporated easily into the 

design for safe removal of afterheat in the event of a coolant circuit 

accident. 
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The use of high-teraperature, high-pressure water coolant with 17Ll-83Pb 

appears to have two serious disadvantages. The first Is the possibility of 

reactor daraage resulting from breeder/coolant contact. If water coolant 

contacts the Li-Pb in a leak situation — pressurlzation of the module will 

occur. This pulse propagates to the raodule walls at the sonic velocity for 

Li-Pb. Since there is a relatively large araount of coolant present, the 

energy of the pulse Is far greater than the raodule walls can withstand. It Is 

postulated that the result could be a large-scale rupture a module wall with 

ejection of a large fraction of the contained Ll-Pb into the vacuura chamber. 

This type of accident could perhaps be precluded by use of the bottle concept 

rather than the slab concept. The probability of Its occurrence In the slab 

module could be rainimized by using a double wall tube construction with an 

annulus between tubes for detection of a leak frora either the breeder or the 

coolant. (This approach is used for double wall tubes for IMFBR steam genera

tors, as described In Reference 73.) Additional analyses are necessary to 

properly quantify the results of a water/Li-Pb contact. Engineering tests 

simulating realistic blanket designs and conditions should also be performed 

to help deterralne the validity of the accident scenario. 

The second serious disadvantage of the water coolant is the very high 

level of tritiura permeation through single wall tubes into the water (see Sec. 

4.4.6). Processing of substantial amounts of tritium frora the water coolant 

is currently considered econoraically prohibitive. Excessive accuraulation of 

tritiura in the water coolant would have Iraportant safety irapllcations in the 

event of a leak. Possible solutions to this prohlera - double walled coolant 

tubes with heliura purge gas in the annulus, an IHX, or a steam generator with 

double walled tubes — may lower the overall therraal recovery efficiency to 

levels that are econoraically unacceptable on a coraraercial scale. The use of 

double walled tubes for water coolant requires further investigation. 

On balance, sodiura appears at present to be the best choice as a separate 

coolant for an Li-Pb breeder blanket. It retains the desirable qualities of 

water as a separate coolant while either eliminating or making use of its 

undesirable qualities. Table 4-41 summarizes the relative advantages and 

disadvantages of the sodiura separate coolant approach. The risk of large-

4-142 



Table 4-^1. Advantages and disadvantages for sodium-cooled Li-Pb 

breeder blanket relative to other coolants 

Advantages 

- Low pressure (< 0.5 MPa); nonreactive with Li-Pb 

- Good thermal conversion efficiency 

- Proven tritiura recovery method (cold-trapping) 

- Tritium permeation into coolant provides a method for tritium recovery 

- IMFBR primary coolant system component technology is directly 

applicable 

- Dual parallel coolant circuits for safe afterheat removal 

Disadvantages 

- Small volurae (<5 vol. %) of chemically reactive liquid metal intro

duced into blanket 

- Relatively corrosive coolant 

- MHD effects Introduce pumping power losses 

May require IHX or double-walled steam generator for tritium 

containment 

^ 1 

scale module rupture is negated since contact between Li-Pb and the low-

pressure sodium in an accident will not cause a vapor explosion or pressure 

pulse. Tritiura permeates readily from the Li-Pb through the ferritic steel 

blanket coolant tubes into the sodium, from which it is recovered using cold 

trapping. Tritium inventories are kept at acceptably low levels in the Li-Pb 

and in the sodium. The energy conversion systera can utilize either an inter

mediate heat exchanger (IHX), or a liquid metal steam generator with double-

wall tubes of the type being developed for the Liquid Metal Fast Breeder 

Reactor (LMFBR) program (Reference 73). The major concerns regarding the 

use of sodium coolant relate to its reactivity with air, water, and concrete 

and potential design constraints imposed by MHD effects. 

The sodium-cooled Li-Pb blanket concept is discussed in more detail in 

Section 4.4.9. 
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4.4.2.2 Ll-Pb Alloy Breeder/Coolant Concepts 

This section describes the developraent and evaluation of design concepta 

which use Li-Pb alloy as both tritium breeder and coolant. Rationale for 

selection of the elongated radial-flow cell as the reference Ll-Pb breeder/ 

coolant concept is presented. 

The process of developing and evaluating candidate design concepts for 

Li-Pb breeder/coolant approach relied heavily on the results of similar 

efforts for liquid lithium blankets in the joint Argonne/MDAC study reported 

in Reference 6. Based on these results, two concepts were given serious 

consideration in the present study: (1) the bottle-type cell concept; and 

(2) the elongated radial-flow cell concept. These are described in Figure 

4-4b. Ferritic steel is assumed to be the structural material for both, with 

vanadium alloy V-15Cr-5Ti as an alternate material. 

A variation of the tube bank approach Illustrated In Figure 4-45 (a) was 

adapted for the WIIAMIR-I tandera mirror reactor (IMR) Li-Pb breeding blanket 

(Reference 75). It is a logical blanket concept for a TMR, but is not a fea

sible concept for a tokaraak because Its use has two severe disadvantages whicu 

do not apply to a TMR: (1) a separate, additional first wall is required 

which can take surface heat loads equal to 25% of the neutron wall load value; 

(2) it is very difficult to Incorporate a purap liraiter for impurity control, 

and virtually impossible to incorporate a poloidal divertor. 

The bottle-type, or cylindrical, cell has a first wall which is formed bv 

the cell's dome (see Figure 4-45(b)) and cooled from the back side by flowing 

Ll-Pb. This is a relatively simple design mechanically and structurally, and 

adapts readily to non-uniform plasraa chamber regions such as the liraiter 

zone. However, the void space enclosed by contiguous bottles would average 

15% to 20% of available breeding volume. In addition, these spaces should be 

occupied by sorae raaterial such as graphite to avoid neutron streaming prob

leras. This presents an added complexity to the blanket design since these 

regions raust be cooled in sorae way and protected from the plasraa. This con

cept would also require a large number of individual bottles — probably 

10,000 to 20,000 — for a STARFIRE-siSed coraraercial tokamak. (Bottle diameter 

and quantity would be a function of Induced E-M forces during a disruption.) 
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The elongated radial-flow cell shown in Figure 4-45 (c) is similar to the 

STARFIRE backup lithiura blanket concept (Reference 76 and to the lithium-

cooled module concept in Reference 6. The semi-ellipsoidal heads form the 

first wall, which is cooled from the back side by flowing Li-Pb. The Li-Pb 

enters the blanket through a standpipe, flows from a manifold through the gap 

between a baffle and the first wall, then reenters the chamber from which it 

is withdrawn through holes in the cell's rear wall. This concept minimizes 

voids in the regions which are available for breeding and also minimizes 

associated neutron streaming problems. It is thus a lower risk in assuring 

that the STARFIRE/DEMO blanket would produce a net breeding ratio > 1 in 

actual practice. The module walls are pressurized internally to ~ 1-2 MPa, 

however, because of (1) the interconnection of the blanket modules combined 

with the high density of the U-Pb, and (2) the pressure head required to pump 

the Li-Pb through the primary coolant system. This requires Internal frames 

spaced relatively close together to break up the large-area flat walls Into 

smaller panels. 

Although the choice is not clear-cut, the elongated radial-flow cell 

approach is considered overall to be superior to the bottle cell, and has been 

adopted for the present as the reference design concept for the Li-Pb alloy 

breeder/coolant blanket. 

4.4.2.3 Comparison of Separate Coolant and Breeder/Coolant Approaches 

Comparison of the sodium-cooled (Section 4.4.2.1) and self-cooled (Sec

tion 4.4.2.2) design concepts for Li-Pb breeder blankets for STARFIRE/DEMO 

indicated significant differences Important to selection of a Li-Pb breeder 

reference design in four areas. The results of the comparison are summarized 

In l&ble 4-42. Ihey Indicate that, on the basis of the work performed to date 

on both approaches, cooling the Li-Pb breeder with sodium coolant appears 

preferable to using the Li-Pb as both breeder and coolant. 

Of the issues listed in Table 4-42, the one considered ultimately most 

important to the feasibility of any Li-Pb breeder blanket is compatibility 

with structure. As discussed in Section 4.4.8, on the basis of available 

data, austenitic stainless steel is not acceptable for use with Li-Pb in power 

reactor blankets. It is also questionable whether Li-Pb is adequately compat

ible with ferritic steel at temperatures i 375°C for continuous use. The 
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OUTBOARD 
[li\ BANK 

U) TUBE BANK 

ADVANTAGES 
• SIMPLEST. MOST RELIABLE STRUCTURE 

TO CONTAIN Ll-Pb 

DISADVANTAGES 
• SEPARATE FIRST WALL REQUIRED 
• INCORPORATION OF LIMITER OR 

DIVERTOR IS VERY DIFFICULT OR 
IMPOSSIBLE 

F L O W BAFFLE 
Ibl CYLINDRICAL BOTTLE 

FW FORMED BY ELLIPSOIDAL DOME. COOLED 
BY LIQUID ALLOY BREEDER/COOLANT 

ADVANTAGES 
• SIMPLEST DESIGN MECHANICALLY 

• READILY ADAPTS TO LIMITER REGIONS 
AND INBOARD WALL 

DISADVANTAGES 
• VOIDS - 15 SOfcOF CHAMBER WALL AREA 
• LENGTH & DIAMETER LIMITED BY EM FORCES 

DURING DISRUPTION 
• PRESSURIZED WELDS NEAR PLASMA 
• VOIDS RESULT IN NEUTRON STREAMING 

PROBLEMS 

(el ELONGATED RAOIAL-FLOW CELL 

• ADAPT FROM STARFIRE BACKUP DESIGN 
• FW FORMED BY HEADS. COOLED BY SREEDER/COOLJ 

DISADVANTAGES 
• PRESSURIZED FLAT MODULE WALLS 
• PRESSURE BOUNDARY W E L O S NEAR PLASMA 

ADVANTAGES 
• MINIMUM VOIDS IN FW COVERAGE 
• ADAPTABLE TO LIMITER REGION 
• LEAST RISK IN ATTAINING NET T B R > 1 

MODULE ISOMETRIC CROSS SECTION 
IDU! BOARD BREEDING BLANKET ONL' 

Figure 4-45. Candidate blanket design approaches for Ll-Pb breeder/coolant concept. 
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IHhle 4-42. Coraparlaon of sodium-cooled to se l f -cooled Ll-Pb a l loy 

breeder blanket 

Advantage 

Category 
Sodium Ll-Pb 
Cooled Cooled 

Li-Pb S t ructure 
Compatibi l i ty 

Chemical Reac t iv i ty 

Afterheat Removal • 
following coolant 
loop accident 

Primary Ctoolant Loop / 
Component Development 

Blanket module / 
In t e rna l pressure 

Structure T^^jj l imi t for 
corrosion expected to be lower for 
system with flowing Ll-Pb 

- 5 volume X of react ive l iqu id 
metal added to blanket 

Dual p a r a l l e l coolant c i r c u i t s 
for sodium-cooled blanket 

LWFBR technology avai lab le for 
sodlum-contalnlng components 

Low Ll-Pb s t a t i c head and no 
pump pressure head within sodium-
cooled module 

alternate vanadium alloys may ultimately be shovm to be the only acceptable 

candidate structure tnaterial; however, ferritic steel is presently the refer

ence structural material for STARFIRE/DEMO for Li-Pb blankets. The discussion 

in Section 4-4.8 also indicates that compatibility problems are likely to be 

significantly greater for systems in which Li-Pb is pumped through the blanket 

than for systems with "stagnant" Li-Pb (i.e., where Li-Pb is not pumped or 

moved by other than induced electromagnetic forces). The 450°C structural 

teraperature limit is specified for ferritic steel in the sodium-cooled blanket 

where the Li-Pb is essentially stagnant Is expected to be lower for the self-

cooled blanket, which will make It less attractive from an econoraic 

standpoint. 

Blanket safety is an important concern for both concepts. The sodium-

cooled concept introduces a small amount of a more reactive liquid metal (< 5% 

of the blanket volume) into the reactor. However, the blanket and shield con

struction results in at least three separate structural barriers between the 

sodiura and any source of water (e.g., shield coolant). The double-wall con

struction of the steam generator, using LMFBR technology being developed 

(Reference 73), minimizes the risk of sodium/water contact in that component; 
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the sodium-cooled blanket has dual parallel coolant circuits (similar to the 

arrangement for the Li20 solid breeder blanket) which ensure safe removal of 

blanket afterheat in the event of failure of one coolant circuit. Such an 

arrangement is not possible with the self-cooled Li-Pb blanket. In the event 

of failure in the primary coolant circuit or a significant leak from a blanket 

module, the coolant circuit must be shut down. Consequently, blanket after

heat is removed only by radiation and conduction to regions away from the 

blankets. Whether this is possible without exceeding the safe reuse tempera

ture for ferritic steel (~ 650°C), with or without draining of the ll-Pb from 

the modules, remains to be determined. 

The availability and applicability of IMFBR steam generator and coolant 

pump technology from the LMFBR program appears to be a relative advantage for 

the sodium-cooled blanket. Because of the much higher mass flow rate required 

for Li-Pb (> 8X higher than for sodiura at the sarae AT) and higher corrosivlty 

of Li-Pb, the developraent of high-rate Li-Pb pumps and Li-Pb steam generators 

is considered to be more difficult than for sodium coolant. This development 

would have to be accomplished prior to STAHFIRE/DEMO final design. Li-Pb 

energy conversion system component costs are likely to be higher, also. As an 

example, the twelve Li-Pb pumps for WlTAMIR-I had total projected costs of 112 

M$ (Reference 75) . Using the same cost equation, sodiura pumps required for the 

same reactor therraal power level and coolant temperature differences (blanket 

inlet to outlet) would be ~ 22 M$, a reduction of 90 M$. Operating parameters 

for the energy conversion systems for separately-cooled and self-cooled Ll-Pb 

blankets remain to be determined. 

Blanket module internal pressure levels are much lower for the sodium-

cooled concept, 4 0.5 MPa as compared to ~ 1-2 MPa for the self-cooled con

cept. This low pressure level is the result of (1) not requiring the inter

connecting of the Li-Pb zones of blanket modules within a sector, and (2) the 

absence of any pumping pressure head applied to the Li-Pb. The low internal 

pressure levels are perceived as a distinct advantage in reduced stress levels 

and reduced risk of leaks for the module walls. 
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4.4.3 First Wall 

Critical aspects of the first wall that relate to plasma-materials inter

actions, and hence are relatively insensitive to the blanket concept, are pre

sented in Sec. 4.2 above. Those aspects that relate more specifically to the 

blanket materials selection are presented in this section for the lithium-lead 

breeder blanket concept. The focus in this section is on the thermal-

hydraulic and stress analysis of the lithium-lead first wall and the Impact on 

design configuration. The iraportant area of raaterials corapatihility is pre

sented in Sec. 4.4.8. 

4.4.3.1 Materials Selection 

For the analyses presented, ferritic steel (HT-9) is considered as the 

primary candidate structural material and the vanadium alloy (V-15Cr-5Tl) is 

considered as the backup material. Table 4-43 summarizes the iraportant 

favorable and unfavorable characteristics of these two candidate first-wall 

structural alloys. Compatibility with lithium-lead is an area of great uncer

tainty and is a key feasibility issue for the lithium-lead breeder/coolant 

system. Poor compatibility (see Sec. 4.4.8) is the primary reason austenitic 

stainless steel is not proposed as a candidate structural material. 

4.4.3.2 Stress Analysis 

The lithium-lead cooled blanket module shown in Fig. 4-46 has a design 

pressure of 2 MPa. The hoop stress due to such a pVessure on the semicircular 

first wall of thickness 5 mm is only of the order of 50 MPa. This stress will 

be further reduced to about 10-20 MPa if advantage is taken of the stiffness 

of the lO-ram thick beryllium cladding. There is about a 110°C temperature 

gradient through the first wall. The additional stresses due to this tempera

ture gradient have to be computed in the future. Each blanket raodule is stif

fened by a series of frames with a 5-mm thick web (Fig. 4-46) spaced at an 

Interval of S (cm) whose magnitudes are to be determined. The maximura bending 

stress in the sidewall due to the internal pressure is Oj, = 6 S^ . 

The raaxiraum allowable bending stress is 1.5 Ŝ ,̂ which at 450°C, is 275 

MPa for HT-9 and 300 MPa for vanadium. Thus, the maximura allowable spacing 

(S) for the frame is 6 cm for HT-9 and 7 cm for vanadium. The raerabrane stress 

created in the frame web because of the pressure acting on the side walls is 

12 MPa for HT-9 and 14 MPa for vanadium which are sraall. 
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Table 4-43. Favorable and Unfavorable Characteristics of Prirae Candidate 
Alloy Systems 

Alloy System Favorable Characteristics Unfavorable Characteristics 

Austenitic 
Stainless Steels 
{316, PCA) 

Good fabrlcability/weld-
ability 

Extensive property data 
base 

Availability/experience 
factor 

Compatible with H2O, 
Air, H 

Physical properties (k, a) 

Limited operating tempera
ture (radiation effect 
and mechanical properties) 

Requires thermomechanical 
treatment (cold-work) 

Radiation creep properties 

Ferritic Steels Low radiation swelling Effect of radiation on DBTT 

Better physical properties Welding difficulties (PWHT) 
than austenitic steel _ . . . .„,.„ 

Sensitivity to TMT 
Compatible with H9O, Air, ^ 

„ ^ Ferromagnetic properties 
H 

, J. _• Compatibility limitations Low radiation creep 

Vanadium Alloys Good radiation damage 
resistance 

Low long-term activation 

Properties insensitive to 
composition variations 

Good physical properties 
(k, a) 

Compatibility with Air, H2O, 
He 

Fabrication requireraents 
(environment) 

High hydrogen permeability/ 
solubility 

Not commercially available 
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Fig. 4-46. Schematic of first-wall for lithium-lead 
self-cooled breeder blanket concept. 
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An additional purpose served by the stiffening frame for the blanket 

raodules Is to allow a more efficient load path for the dead weight of the 

lithium-lead in each module to the back wall. The raost critical module frora 

this viewpoint is the one that is horizontal in which case, if the stiffening 

frames were absent, the total dead weight of the lithium-lead would have to be 

transferred by the bottom side wall to the hack wall, causing very large 

bending stresses in it. The stiffening frames act as shear panels and provide 

a major load path for the dead weight to the back wall. The maximum stress In 

the side wall due to the dead weight is reduced to 5 MPa for HT-9 and 7 MPa 

for vanadium which are very small. A further source for stress in the blanket 

module is the temperature difference between the first wall and the back wall 

which could cause additional stresses in the side walls and the stiffening 

frames. This has to be analyzed in the future. 

4.4.3.3 Thermal-Hydraulic Analysis 

Therraal-hydraulic analyses were perforraed for the first wall of the 

lithiura-lead raodule to determine if the temperatures of the structural raate

rials are within the acceptable range and to provide necessary input for 

calculations described previously. The first wall and the coolant channels of 

the lithiura-lead blanket raodule consist basically of two half-cylindrical 

shells as shown in Fig. 4-46. By symmetry, the temperature distributions in 

the two half-cylindrical shells should be very close and it is only necessary 

to calculate the temperature distribution in one of the cylindrical shells. 

Figure 4-47 shows the two-dimensional georaetrical model used for calculating 

the teraperature distributions of the first wall. As shown in Fig. 4-47, in an 

exaggerated manner, the first wall consists of a 10 mm thick coating raaterial 

and a 5 ram thick structural material. Coolant channel is located inside the 

structural material. The cladding, the structural material, and the coolant 

are divided into a total of 66 cells as shown in Fig. 4-47. As a first 

approximation, the thermal Interactions between the half-cylindrical shell and 

the rest of the blanket module are neglected. Teraperature distributions of 

the cladding and the structural materials were obtained by using the coraputer 

code THTB , which is capable of perforralng 3-dlmensional, transient, heat 

transfer calculations for various georaetrles. 

The operating conditions along with the raaterials exarained for the first 

wall are listed in Table 4-44. In addition to the operating parameters listed 
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Table 4-44. Operating Conditions and Materials Used for the 
First Wall of the Li-Pb Blanket Module 

2 
Surface Heat Flux; 40 W/cm with a cos 5 distribution away 

from the plasma (vertical) axis 
Bulk Nuclear Heating 
(cladding, structural 
material, and coolant): 20 W/cra 

Coolant (Li-Pb) Inlet 
Temperature: 600 K 

Cladding Material (10 mra): Beryllium 

Structural Material (5 mm): Ferritic Steel (HT-9) and Vanadium alloy 
(V-15Cr-5Ti) 

Coolant Pressure: 2 MPa 

in Table 4-44, several other parameters required as the input to the calcula

tions include: (1) the heat transfer coefficient between the coolant and the 

structural material (h); (2) contact coefficient between the cladding and the 

structural materials (h^); (3) coolant temperature rise (AT); (4) coolant 

velocity (V); (5) and thermodynamic properties of coolant, structural, and 

cladding materials. Table 4-45 is a list of the values assumed for some of 

these parameters used in the calculations. 

Table 4-45. Assuraed Values for h, h , AT, 

h = 56750 -j^— (10000 ^ ) 
ra - K hr-ft -°F 

h = 17025 - ; ^ (3000 ^ ) 
m^- K hr-ft -°F 

AT = 15° C 
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Results of steady state calculations for beryllium-ferritic steel 

combinations are shown in Table 4-46. Only temperatures in half of the 

calculation domain are shown in Table 4-46. The other half of the first wall 

showed similar temperature distribution. The maximum temperature of 537°C 

Table 4-46. Teraperature Distribution in the First Wall (Berylliura-
Ferritic Steel) of the Ll-Pb Blanket Module 

Node Temp(°C) Node Temp(°C) Node Temp(°C) 

Coolant 4 335.1 5 337.9 6 340.6 

Structure 

Cladding 

10 

16 

22 

28 

34 

40 

46 

52 

58 

64 

361.1 

385.8 

409.2 

431.9 

453.8 

504.3 

513.8 

522.1 

529.8 

536.7 

11 

17 

23 

29 

35 

41 

47 

53 

59 

65 

360.1 

380.9 

400.7 

419.8 

438.0 

480.1 

493.9 

493.9 

499.8 

504.9 

12 

18 

24 

30 

36 

42 

48 

54 

60 

66 

356.8 

371.9 

386.0 

399.4 

411.9 

440.3 

444.8 

448.6 

451.7 

454.0 

is well below the melting points of the materials used. The circumferential 

temperature gradient is quite small (<l°C/mm) corapared to the radial tempera

ture. This is because the resistance to heat transfer is predominantly in the 

radial direction. The largest temperature gradient (~ 22°C/mm) occurred in 

the structural raaterial in the radial direction. Similar results were 

obtained for the beryllium-vanadium alloy combination. 

There are two places in the radial direction where temperature jump 

occurs. These are located at the interfaces between the coolant and the 

structural material and between the structural raaterial and the cladding. Of 

particular interest is the AT across the struture-cladding interface, since 

differential therraal expansion between the two materials may cause excessive 

therraal stress at the interface. The AT across the structure-cladding inter

face is determined mainly by the contact coefficient (h^). Table III (h^ = 

17025 W/m^-K) shows that a AT of 51°C occurred between nodes 34 and 40. The 
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teraperatures shown in Table 4-46 are located at the center of each node. By 

extrapolating linearly to the Interface, the AT at the interface is 35.5°C 

between nodes 34 and 40. It is important to find out how AT across the inter

face varies with the value of ĥ , since an accurate determination of ĥ , is not 

likely from existing data at this time (ĥ , depends on such parameters as 

Interface flatness, joint pressure, mean interface temperature, etc.). Figure 

4-48 shows the variation of AT across the heryllium-ferrltic steel Interface 

with h obtained by extrapolation described previously. It can be observed 

that AT decreases with increasing values of ĥ , and appears to asymptotically 

approach some constant value. The value of h^ (1.7 x 10 w/m -K) used in the 

calculations described previously is believed to be a reasonable estimate. 

The selection of this particular value of h is based on the 

assumption that good contacts are maintained between the cladding and the 

structural materials during fabrication of the first wall. This should also 

be the minimum requirement for the first wall in general, otherwise the first 

wall will not be expected to last through its required lifetime. However, in 

view of the uncertainty associated with the value of h (particularly, the 

lack of data in the relatively high temperature range which is of interest 

here), it becomes necessary to conduct further research in this area. 

4.4.3.4 Design Configuration 

Design details of the first wall for both the sodiura-cooled and self-

cooled lithium-lead breeder blanket concepts remain to be developed, subse

quent to Eui'ther structural and thermal-hydraulic analyses. The configurations 

described below for the two concepts were selected based on qualitative evalu

ations and on the results of preliminary analyses described in the foregoing 

sections. 

The first wall for the sodium-cooled lithium-lead blanket has the sarae 

configuration as that for the water-cooled Li20 solid breeder blanket described 

in Section 4.3.3.4. The principal differences in design details for the sodiura-

cooled first wall are (1) changed flow channel cross section areas to account 

for the differences in thermal-hydraulic characteristics compared to water 

coolant, and (2) additional structural attachments connecting the first wall 

to the blanket structure, to help react lithium-lead gravity loads acting on 

the wall in the modules at the top and sides of the blanket sector. 
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The first-wall configuration selected for the self-cooled lithium-lead 

blanket is formed by the heads of the two semi-ellipsoidal portions of the 

blanket raodule. The outside surfaces of the heads are beryllium-clad for 

protection from erosion. Wall thickness and head radius will be determined as 

a function of: (1) module internal design pressure (maximum hydrostatic head 

plus pumping losses); (2) temperature gradient through the structural wall and 

beryllium clad; and (3) internal frame spacing. Gravity load of the lithium-

lead will also affect the structure requirements for all but the bottom 

modules in each sector. 

4.4.4 Neutronics Analysis 

4.4.4.1 Tritiura Breeding 

Liquid 17LI-83Pb is one of the raost attractive tritium breeding materials 

in that a substantial neutron multiplication can take place in the breeder 

itself through the Pb(n,2n) and Pb(n,3n) reactions. The resultant neutron 

spectrum is generally quite soft. Implying great potential for tritiura 

production by the Ll(n, )t reaction. The atomic number density of lithium In 

21 
17Ll-83Pb i s , however, only ~ 5.6 x 10 atoms/cc (a t dens i ty of 9.4 gr/cc) 

22 corapared to 8.1 x 10 atoras/cc in Li20 for i n s t a n c e . As a r e s u l t , the 

content of Li or the enrichment of LI in 17Li-83Pb plays the raost Important 

role in the t r i t ium breeding performance in 17Li-83Pb breeder blanket 

designs. Figure 4-49 shows the v a r i a t i o n of t r i t i u m BR with Li enrichment in 

the 17Li-83Pb breeder for two poss ib le arraor des igns : (1) 13.4 mm bare 

Fe9CrlMo f e r r i t i c s t e e l arraor and (2) 3.4 mm Fe9CrlMo armor coated by 10 mm-

thick beryllium. Also shown In the figure is the case with only a 3.4 mra-

thlck Fe9CrlMo arraor In order to account for the e f fec t of armor erosion 

during reactor opera t ion . The one-dimensional neu t ron ics model used for the 

analysis Is s imilar to the one used In Sec. 4 . 3 . 4 . 1 . The 13.4 mm-thlck armor 

region Is cooled by the 17LI-83Pb breeder I t s e l f (3-ram th ick) which is 

followed by a 4.5-mra th ick Fe9CrlMo region . The blanket region Immediately 

following this f e r r i t i c s t e e l region is neu t ron i ca l l y represented by a 

homogeneous mixture, 85% 17Li-83Pb + 5% coolant + 10% Fe9CrlMo considering a 

bott le-type l iquid breeder blanket design ^^\ Based on the r e s u l t of Fig. 4-

49, one finds a very s t rong Incent ive for LI enrichment in 17Ll-83Pb. The 

increase in BR from the na tu r a l l i thium to 90% ^Ll enrichment araounts to more 

4-158 



0 10 20 30 40 50 60 70 80 90 
6 Li ENRICHMENT, % 

Figure 4-49. Effect of °Li Enrichment Upon Tritium Breeding for 
17Li-83Pb Breeder Blanket Designs. 
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than 0.5, compared to the LijO case shown in Fig. 4-23 where the BR 

iionotonically decreases with LI enrlchraent. As the neutron spectrum In 17LI-

83Pb Is Intrinsically soft, the increase in BR with Li enrichment solely 

comes from the increase in the Li(n,a)t reaction. In fact, the isotopic BR's 

for the 13.4 mm-thIck bare armor systera with 90% LI enrichment, for example, 

are 1.450 [H(n,a)t] and 0.002 [ LI(n,n'a)t] indicating that more than 90% of 

the total tritiura production is made by the soft neutron reaction of Li 

(n,a)t. Such an extremely unbalanced tritium production by Li may yield a 

high lithiura burn-up rate in 17Li-83Pb. However, in the case of 90% Li 

enrlchraent of the bare armor design, the average Li burn-up In the 17LI-83Pb 

blanket Is ~ 1.32 x 10" atora/cc/DT-hurn, which results In only ~ lOZ of ^LI 

burn-up over an Integral wall load of 18 Ml\'-yr/m . 

Vanadium-base alloys are very attractive structural materials for 

application to liquid breeder blanket designs because of the well-known 

corrosion resistance against the breeder. In addition, as shown in an in-

depth study carried out for a blanket/shield design in which a vanadiura-

base alloy Is employed along with a liquid lithium, blanket designs based on 

vanadium alloy structure have substantial potential for minimization of long-

term activation induced in fusion reactors. The major concerns regarding the 

use of vanadium alloys are the lack of inforraation on fabricabllity, 

particularly welding, and the effects of atraospheric environraent during 

fabrication and operation . A second-generation research alloy, V15Cr5Tl, 

is expected to alleviate the swelling and fabrication problems. Table 4-47 

shows the tritiura breeding perforraance of a V15Cr5Tl/17Ll-83Pb blanket design 

along with a comparison with the case in which the V15Cr5Ti structural 

material is replaced by ferritic steel. Again, the two cases of arraor design, 

with and without beryllium coating, are considered. It is found that the 

V15Cr5Tl structural systeras can yield consistently higher BR's than the 

corresponding ferritic steel structural systeras. This results from the less 

parasitic absorption and the greater probability for the (n,2n) reaction in 

the V15Cr5Ti alloy. The difference becomes greater with lower Li enrichment. 

So far the coolant has been assuraed to be the 17Li-83Pb breeder Itself. 

There are several other candidate coolant materials that are considered for 

use with the liquid breeder raaterial. They include sodium, light water, and 

helium. Table 4-48 lists the tritiura BR's for the 17Li-83Pb breeder blanket 

designs using these coolants for three different *L1 enrlchraent cases, 7.5% 
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Table 4-47. Effect of Structural Material Selection upon 
Tritium Breeding for 17Li-83Pb Breeder Blanket 
Designs^ 

Lithium Enrichment 
of 

17Li-83Pb 

1 (A) Natural Lithium 

(B) 50% Li Enrichment 

(C) 90% Li Enrichment 

Total Tritium I reeding Ratio 

Structural Material 

Fe9CrlMo 

Bare Armor 

0.881 

1.364 

1.452 

9 
Be-Coated Armor' 

1.09 3 

V15Cr5Ti 

Bare Armor 

1.064 

1.529 ] 1.473 

1.611 1.551 

Be-Coated Armor 

1.227 

1.604 

1.671 

^Armor: (1) 13.4 mm Structure; (2) 10 mm Be + 3.4 mm Structure 

First Wall: 3.0 mm 17Li83Pb 
4.5 mm Structure 

Blanket: 664 mm (90% 17Li83Pb + 10% Structure) 
15.0 mm Structure 



Table 4-48. Effect of Coolant Selection upon Tritium Breeding 
for 17Li83Pb Breeder Blanket Designs^ 

Tritium Breeding Ratio 

Armor; 13.4 mm FS (Fe-9Cr-lMo Ferritic Steel) 

First Wall: 3.0 mm Coolant 
4.5 ram FS 

Blanket; 664 mm (85% 17Li-83Pb + 10% FS + 5% Coolant) 
15.0 mm FS 

(A) 

(B) 

(C) 

Natural Lithium 

^6 

^7 
Total BR 

50% Li Enrichment 

^6 

^7 
Total BR 

90% ^Li Enrichment 

^6 

^7 
Total BR 

Helium 

0.822 

0.018 

0.840 

1.322 

0.010 

1.332 

1.425 

0.002 

1.427 

Coc 

"2° 

1.231 

0.017 

1.248 

1.410 

0.009 

1.419 

1.448 

0.00^ 

1.450 

lant 

Sodium 

0.834 

0.018 

0.852 

1.316 

0.010 

1.326 

1.417 

0.002 

1.419 

17Li-83Pb 

0.862 

0.019 

0.881 

1.354 

0.010 

1.364 

1.450 

0.002 

1.452 
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(natural lithiura), 50%, and 90%. In all the cases examined, the increase In 

Li enrichment always results in a substantial improvement of the breeding 

performance. It is noticed that the presence of a small araount of light water 

(only 5% in the present case) affects the breeding to a very appreciable 

degree. Obviously, the breeding improvement is offered by the neutron energy 

moderation due to neutron collisions with the water coolant leading to a 

significant enhancement in the Li(n,a) reaction. This is, in fact, the 

reason that the breeding enhancement is notable, particularly with the natural 

lithium case, as the atomic number density of Li in 17Li-83Pb is quite low. 

As Li is highly enriched, the choice of coolant becomes less important in 

terms of tritium production. For instance, the difference in BR among the 

four candidate coolants studied, reduces to only ~ 2% in the case of 90% Li 

enrichment. The selection of coolant, therefore, can be made for such a high 

enrichment system, based on design considerations other than the neutronics 

performance, and, hence, a great degree of design flexibility can be afforded 

to the relevant technical areas such as the thermal hydraulics and mechanical 

designs. It should also be noted that the BR's for high Li enrichment shown 

in Table 4-48 are much greater than those for Li20 blanket designs without 

neutron multipliers. As the volumetric lithium content in 17Li-83Pb is more 

than a factor of 10 lower than that in Li20, there is a possibility of a 

drastic reduction in the required lithium inventory in 17Li-83Pb blanket 

designs. Even compared to the Li20 blanket design^with the Be multiplier 

presented in Sec. 4.3.4.1, 17Li-83Pb blanket designs are expected to result in 

a much sraaller lithium inventory. Based on a breeding accumulation analysis 

performed for the 17Li-83Pb breeder/coolant design, a BR of 1.35 for the 100% 

breeding coverage requires a blanket thickness of ~ 0.5 m. This blanket 

contains ~ 1600 MT of 17Ll-83Pb and ~ 9.6 MT of pure lithiura (at 90% Li 

enrlchraent). These figures are compared to the respective inventories of ~ 60 

MT and ~ 18 MT for the Li20 blanket design with the 80-mm thick Be multiplier, 

indicating a factor of two reduction in the lithiura inventory in the 17Li-83Pb 

blanket. 

In order to identify the irapact of non-breeding inboard blanket designs, 

three different inboard systeras are studied, with an approximate model, and 

the resultant BR's are summarized in Table 4-49. These three systems are: a) 

full inboard plus outboard tritium breeding, b) outboard breeding along with 

17Ll-83Pb coolant flow in the non-breeding inboard blanket, and c) outboard 

breeding only along with H2O coolant flow in the non-breeding inboard 
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Table i*-'*9. Effect of Inboard Tritium Breeding 
for 17Ll-83Pb Breeder Blanket Designs* 

(1) Inboard First Wall 

Coolant 

(2) Inboard BlanVet 

Coolant 

Breeder 

Structure 

(3) Tritium Breeding 

h 
Total BR 

Inboard BR 

Outboard BR 

Case A 

17Ll-83Pb 

17Ll-83Pb (Sr.) 

17Li-83Pb (85r.) 

FS (101) 

1.431 

0^002^ 

1.433 (1.452)"" 

0.467 

0.967 

Case B 

17Ll-S3Pb 

17Ll-83Pb (53:) 

FS (953;) 

1.116 

0.001 

1.117 

0.094 

1.023 

Case C 

"2° 

HjO (SZ) 

FS (95X) 

0.879 

0.001 

0.880 

0.880 

Armor: 13.'. mra FS (Fe9CrlM0 Ferritic Steel) 

First Wall: 3.0 mra Coolant 
i.5 mm FS 

Outer Blanket: 664 mm (902 17Li-83Pb + lOX FS) 
15.0 mm FS 

17Li-83Pb: 90% ^1.1 enrichment 

b 
One-dimensional in f in i t e -cy l inder ca lcula t ion without toro ida l systera curvature. 
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blanket. The coolant for the outboard breeding blanket is always assumed to 

be 17Li-83Pb. The one-dimensional neutronics model used for this analysis is 

identical with that used for the Li20 system analysis shown in Table 4-12. 

The results of Table 4-49 indicate that: 1) it is Impossible to obtain a BR 

greater than unity with the complete eliraination of the inboard breeding (Case 

C); 2) the use of 17Li-83Pb as an inboard coolant substantially increases the 

outboard breeding (Case B); and 3) the case of full breeding coverage yields a 

(81 ) 
net BR of 1.4 (Case A ) . An INTOR neutronics analysis which was done by 

the three-dimensional Monte-Carlo method for a similar 17Li-83Pb blanket 

design shows BR's of 1.396 and 0.9248 for the full breeding blanket coverage 

and the outboard breeding only, respectively. This result leads to the same 

conclusion as item 1) above as to the Impact of the complete elimination of 

inboard tritium breeding. The system of Case B in Table 4-49, which is a 

semi-non-breeding inboard blanket design, can yield a net BR greater than 

unity. However, there seem to be several questions posed in this type of 

blanket design. One question is whether the BR in excess of unity is 

sufficient for implementation of outboard penetrations such as limiter (or 

divertor) and REB ducts. Another question is whether the puraping power 

requirement for the 17Li-83Pb coolant flow inside the Inboard blanket, where 

the raagnetic field is high, is tolerable from the practical design standpoint. 

It is noticed in Table 4-49 that the difference in the Inboard blanket 

design strongly affects the outboard breeding perfcgrmance. For example, the 

outboard breeding in Case A, which amounts to ~ 67% of the total breeding 

reduces to ~ 61% when the inboard blanket is replaced by the non-hreeding 

blanket, 95% Fe9CrlMo + 5% H2O as Case C. Table 4-50 compares the neutron 

balance of Cases A and C. It is observed that the significant decrease in the 

outboard BR of Case C is driven by two factors. First, the neutron current 

into the inboard region is increased in Case C compared to Case A because of 

the larger gradient in the neutron distribution caused by the one-sided 

neutron amplification through the Pb(n,2n) reaction in the outboard blanket. 

Secondly, neutrons reflected frora the inboard region to the outboard region 

are substantially degraded in energy after they have experienced collisions, 

particularly with the water coolant in the inboard region. As a result, these 

reflected neutrons have higher probabilities of parasitic capture by the 

outboard structure, preferably by the outboard arraor structure. 

A solution for attaining an adequate tritium BR without introducing too 

much design complexity can be obtained by a partial inboard breeding 
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Table A-50. Neutron Balance in DtHO 17I.i-83Pb Breeder Blanket Designs 

(A) 

(B) 

Inboard 

Net Current to Ariror/DT 

Neutron Caln/DT 

Neutron Loss/DT 

Tritium BR 

Outboard 

Net Current to Armor/DT 

Neutron Cain/DT 

Neutron Loss/DT 

.Tritium BR 

Leakage to Blanket Jacket/DT 

With 
Inboard Breeding 

0.3550 

0.1808 

0.0692 

0.4666 

0.6450 

0.4676 

0.0963 

0.9666 

0.0497 

Without 
Inboard Breeding 

0.3990 

0.0403 

0.4393 

0.0000 

0.6010 

0.4671 

0.1439 

0.8805 

0.0439 

In the case with the inboard breeding, both the inboard and outboard designs 
are as follows: 

Armor: 13.4 mm FS 

First Wall: 3.0 mm 17Ll-83Pb 
4.5 mm FS 

Blanket: 664 mm (90% 17Ll-83Pb + 10% FS) 

Blanket Jacket: 15 mm FS 

In the case without the inboard breeding, the Inboard first-wall coolant 
is H-0 and the Inboard blanket is represented as follows: 

Blanket: 664 mm (95% FS + 5% HjO) 

The rest of the system is the same as the case with the inboard breeding. In 
all cases, 17Li-83Pb contains 90% enriched ^Ll. 
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blanket. The puraping power problem for the inboard 17Li-83Pb breeder/coolant 

mentioned earlier will be much alleviated by an effort to minimize the 

required thickness of the breeding blanket. Figure 4-50 illustrates the 

relationship between the fraction of non-breeding zone in the outboard region 

and the requirement of the inboard breeding zone thickness for several net BR 

criteria. It is assumed that in all the cases studied, the total outboard 

thickness including the pre-blanket region is fixed at 0.7 m. Figure 4-51 

shows that as the required net BR varies frora 1.0 to 1.1, approxiraately 10% 

variation is allowed in the non-breeding fraction of the outboard blanket for 

a given Inboard breeding thickness. On the other hand, the required breeding 

zone thickness is substantially altered depending upon the raagnitude of net BR 

for a given fraction of non-breeding zone in the outboard region. The steep 

rise in the required inboard blanket thickness beyond certain non-breeding 

fraction reflects the fact that the tritiura breeding accumulation approaches 

to the saturation level deep in the blanket region. By comparing the result 

of Fig. 4-50 with that for the LI2O blanket design presented in Fig. 4-24, one 

finds that the 17Li-83Pb systems can incorporate a much larger space allowance 

for the major penetrations not usable for breeding in the outboard region. 

Non-breeding zone fraction of ~ 15%, for instance, requires an Inboard 

breeding zone of only 0.1 m to 0.2 m for a net BR range of 1.0 to 1.1. This 

range of net BR requirement needs an inboard breeding thickness of 0.2 ra to 

0.65 m in the Li^O blanket design. It is, therefone, expected that the choice 

of impurity control raethod (limiter or divertor) as well as the plasma heating 

method is of less constraint in the 17Li-83Pb breeder blanket designs from the 

standpoint of self-sufficient tritiura production. 

The above analysis assumes that all of the inboard blanket (vertical 

height is several meters) is reraoved. It should be noted, however, that the 

critical space in the inboard region is the area located close to the 

horizontal midplane. To minimize the breeding loss without using a breeder in 

the critical space region, one can eliminate the breeder blanket from only the 

portion around the midplane (e.g., 0.5 ra above and 0.5 m below the midplane). 

4.4.4.2 Nuclear Heating 

Table 4-51 shows the spatial variation of nuclear heating rate in an 

17Li-83Pb blanket design for a neutron wall load of 1.8 MW/m . A 13.4 mm-

thick bare ferritic steel arraor is assumed. The first wall and the blanket 
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Figure 4-50. Impact of Non-Breeding Zone in Outboard Blanket 
Upon Inboard Breeding Requirement for 17Li-83Pb 
Blanket Designs. 
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Table 4-51. Spatial Variation of Nuclear Heating Rate 
(MW/m-') for 17Li-83Pb Breeder System Design^ 

Armor (13.4 mm) 

First Wall: 

Coolant (3.0 mm) 

Structure (4.5 nrni) 

Blanket: 

At Depth: 5 mm 

10 mm 

30 mm 

50 mm 

100 mm 

200 mm 

300 mm 

400 ram 

500 mm 

600 mm 

Fe9CrlM0 

16.1 

-

11.5 

9.30 

8.29 

5.81 

4.49 

2.61 

1.02 

0.443 

0.206 

0.100 

0.0549 

17Li-83Pb'' 

-

22.2 

-

14.8 

13.1 

9.32 

7.68 

5.30 

2.88 

1.66 

0.976 

0.573 

0.364 

^Neutron Wall Load: 1.8 MW/m'̂  

^17Li-83Pb: 90% Li enrichment 
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are cooled by the breeder itself. Assuming a bottle-type blanket design, the 

blanket coraposltlon is represented by a homogeneous ralxture of 90% 17Li-83Pb + 

10% Fe9CrlMo with 90% Li enrlchraent In 17LI-83Pb. Due to the strong capture 

of gamma rays in the 17Li-83Pb breeder/coolant, the nuclear heating in the 

ferritic steel structure is substantially lower than the corresponding 316 SS 

structure heating in the LI2O blanket designs. The maximum nuclear heating In 

17Li-83Pb apparently takes place In the first-wall coolant region, araountlns 
3 

to ~ 22 MW/m . The maxiraum 17Li-83Pb heating in the blanket region is 

substantially lowered, and amounts to only ~ 15 MW/m which is coraparable to 

the maximura LI2O breeder heating rate at 70% of the theoretical density, shown 

in Table 4-15. 

4.4.5 Properties of 17LI-83Pb 

The raaterials property data base for liquid 17Li-83Pb and its use as a 

tritium breeding medium for fusion reactors have been recently 

reviewed. ' Therefore, the inforraation previously reported will not be 

reiterated here. Selected properties of the alloy are summarized in Table 4-

52. Rather, eraphasis is placed on key information relating to use of 17Li83Pb 

and more recent data, with the focus on two key areas: safety and tritium 

recovery. 

One of the reasons that 17Li83Pb is of interest Is that it Is believed to 

be relatively non-reactive with oxidizing media such as air and water. An 
(•85') 

experiment at Argonne National Laboratory^ ' in which the alloy was heated to 

500*'C and then dropped Into water at 90°C, minimal evidence of cheraical 

reaction was observed. Also, measurements of activity coefficients by 

Saboungi, et al,^ ' showed that the lithium activity in the 17LiR3Pb eutectic 

was about 1 x 10 , which is three orders of magnitude lower than that of pure 

lithium. However, it is reported that a Li-Pb alloy (approximately 17Li83Pb) 

burns in air with very high flarae teraperature (1200°C) when heated to about 

"̂̂ ^ C. It would appear that experiraental results to date have not fully 

resolved the Issue of chemical reactivity. Additional experiments raore nearly 

simulating potential reactor situations are needed. 

It Is useful to quantify the potential exotherralcity of reactions of air 

and water with 17Li83Pb and compare the results with those of other breeder 

materials. Using available thermocheralcal data,^ ' ' the heats of reaction 

(AHj^, enthalpy change) with water and air were calculated for various breeder 

raaterials (Table 4-53). It can be seen that per gram of lithiura, the enthalpy 

of reaction of the alloy with water and with air is not significantly 
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different than that of lithiura. In fact, per mole of alkali metal, the 

exotherralcity of the alloy is about the sarae as sodiura. However, on a unit 

volume basis, since it has a low lithium density, the alloy appears to be much 

less reactive than lithium. Overall, the alloy is expected to he less 

reactive than lithium, although exothermic reactions with oxidizing media, 

such as water and air, are possible. In addition, since the alloy is to be 

used as a liquid, reactions potentially could have severe consequences. 

Another area of key interest for this material is the Sieverts' constant, 

which defines the partitioning of tritium between the gas phase (square root 

of pressure) and the liquid metal. Preliminary measurements of K have been 

_, (89) 
reported.^ Also, the Sieverts' constants were estimated frora a 

model. More recently the Siverts' constants for hydrogen in 17Li83Pb have 

been measured by Veleckis.^ ' It was found that Kg = 7.1 ± 1.5 x 10^ atm'"'^ 

per atom fraction of H, in the range 400-600°C. As predicted by the 

model, the constant was found to be independent of temperature. Assuming 

(91") 
that, as is the case for Sieverts' constants in lithium, the isotopic 

effect is approximately proportional to the square root of mass, K for 

tritium is higher by a factor of \ 3 . Thus, for tritium in 17Li83Pb, K = 12.3 

3 1/2 ^ 
± 2.6 X 10 atm per atora fraction of T. This expression can be converted 

into units more convenient for blanket design: K = 4.4 ± 0.9 wppb/ Pa. 

Thus, for a relatively high tritium pressure of 1 Pa, the amount of tritium 

dissolved in the alloy is only 4.4 parts per billioft. It is clear that any 

tritium extraction method will result in a very low tritium Inventory in 

17L183Pb. However, tritium pressure will be quite high and permeation rates 

could be excessive. Design solutions to keep tritium perraeation low represent 

additional cost and coraplexity. 
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Table 4-52. Selected Properties of 17Li83Pb 

Reference(s) 

Composition, Atora Fraction Li 0.17 78, 79 

Melting Teraperature, °C 235 78, 79 

Density at 500°C, g/cra 9.4 79 

Volumetric Coefficient of Therraal 

expansion 7 x 10 78, 79 

3 
LI atom density, g/cm 0.064 

_1 -1 

Electrical Conductivity, il cm 8000 78, 79 

Heat Capacity, J/g-K 0.17^ 

Li Vapor Pressure at 500°C, Pa 0.5 78 

averaged from Li and Pb data. 

Table 4-53. Heat of Reaction (AH ) of Breeders with Water and Air 
R 

Breeder 

Li 

17Li83Pb 

Li20 

LIAlOj 

LljSiO^ 

, 3 p ,g/cm 

.48 

.064 

.93 

.24 

.36 

Reaction 
KJ/gLi 

-34.3 

-28.4 

- 8.4 

- 0.9 

+ 2.1 

with Water 
KJ/cm 

-16.5 

- 2.4 

- 7.8 

- 0.2 

+ n.8 

Reaction 
KJ/gLi 

-25.9 

-20.0 

0.0 

+10.5 

+10.5 

with Air (O2) 
KJ/cm^ 

-12.4 

- 1.8 

0.0 

+ 1.8 

+ 3.8 
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4.4.6 Tritium Recovery, Inventory and Leakage 

4.4.6.1 Tritium Recovery 

It has previously been shown (4.4.5) that 17Li83Pb has a low tritium 

solubility which results in a high tritium overpressure. This makes tritiura 

control difficult. The high overpressure drives the design for any blanket/ 

coolant/tritium recovery system. The 17H83Pb blanket could conceivably use 

sodium, heliura, water or 17Li83Pb as the coolant. To deterralne which tritiura 

extraction systera and which coolant is raost advantageous, an assessment was 

done in which permeation rates, inventories and release paths were identified 

for each design. For each systera, steady state was assumed, i.e., the extrac

tion systera processed the tritiura at the rate at which it was bred, 182 g/d at 

BR = 1.3. 

The first requirement was to determine the tritium permeation rates 

between the blanket and each coolant. A summary of the tritium permeation 

rates and tritium inventories for the two reference alloys, vanadium and 

ferritic steel are listed in Table 4-54. For both alloys permeation could be 

used for tritium recovery (i.e., sodium, helium). However it also serves as a 

major tritium leak (i.e., water, 17Li83Pb). The permeation rates could be 

decreased by factors of 10-1000 by an oxide barrier. 

Assuraing an oxide barrier, the reduced permeation rate for water with a 

ferritic steel would be ~0.1 g/d which is unacceptaBly high. Drastic measures 

would have to be employed to reduce permeation to acceptable levels. Double-

walled coolant tubes would have to be used. The plenum would be vacuum pumped 

or would contain slowly flowing helium and ~1.4 Pa oxygen. The oxygen is 

necessary for conversion of T2 to TjO which is scrubbed from the helium. An 

added tube wall would reduce coolant temperatures because of the thermal gra

dient across it; this would in turn reduce therraal conversion efficiency. 

Therefore, water does not appear to be an attractive coolant to use with 

17Li83Pb. For helium, the perraeation rate for ferritic steel with an oxide 

barrier would be reduced to ~2 g/d if oxygen were added to the coolant. This 

would eliminate using the heliura coolant as the primary tritiura recovery 

route. However, it would still he necessary to process the helium since it is 

a major tritium leak pathway. 
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Table 4-54. Tritium Permeation Rates and Inventories within the 17Li83Pb Blanket 

Alloy/ 
Coolant 

V/Na 

V/He 

V/17Li83Pb 

Fe/Na 

Pressure Area 
(Pa) (m2) 

10" 

10 

10" 

10 

102 

2052 

3970 

3970 

5317 

2052 

Tritium Inventory 
(S) 

Structure 
Permeation Rate'*-^ Volume 

(m3) Alloy': 17Li83Pb (e/d) 

156 

302 

30 

404 

123 

10 440 

20 

20 

27 

10 

890 

90 

1200 

5 

6 

1 

10 

193 

Fe/He 

Fe/17Li83Pb 

10' 

10' 

10^ 

3970 

5317 

3970 

239 

320 

2390 

20 

27 

20 

10 

13 

100 

193 

340 

1930 

^No oxide barriers, 5 rara thick wall, 450°C. 

^Perraeability'^^ 

•^Solubility 87. 
Ky= 20 Cl/d-ra-Pa 1/2. 

400 ppm Pa' -1/2. 
%e ° °"^ Ci/d-m-Pa 

1/2 

"^Tritiura So lub i l i t y = 4.42 wppb Pa 

; Spg = 0 . 1 ppm Pa 
1/2 

-1/2 



Table 4-55. Practical Tritium Extraction Methods 
for 17Li83Pb 

Coolant 
Method 

17Li83Pb 

Na 

He 

HjO 

Molten 
Salt 

A,P 

N.A 

A,P 

A,P 

Cold 
Trap 

N.A. 

A, P 

N.A. 

N.A. 

Oxidize 
Mol. Sieves 

N.A. 

N.A. 

A"̂  

N.A. 

Gas 
Sparge 

A 

A 

N.A. 

A 

Getter 

A 

A 

A 

A 

^ A = appropriate, N.A. = not appropriate, P = Preferred. 

Method used to control tritiura permeation. 

If one corapares the amount of tritium dissolved in the candidate 

structural materials (vanadium and ferritic alloys. Table 4-54), then from a 

tritium inventory standpoint, the ferritic would he the alloy of choice with 

17Li83Pb. This choice is assumed for the remainder of this section. 

The tritium recovery methods considered are shown in Table 4-55. 
93,94 

With 17Li83Pb as the coolant raolten salt extraction is the preferred 
95 

raethod. With sodium, a cold trap is the preferred method. With helium, a 

small fraction of the static blanket could be processed by molten salt 

extraction or a portion of the helium flow could be passed over getter 

95 beds. The preferred method is to process the blanket so that there is a 

reduced possibility for tritium leakage to the steam generator. In Fig.4-51, 

the preferred tritium extraction systems are shown for the coolants. Selected 

parameters are presented in Table 4-56. For systems using either sodium or 

17Li83Pb coolant, approximately 17, of the total flow is processed continu

ously. With a helium or water coolant, approximately 1% of the static blanket 

is processed. 

Cold trap technology using sodium has been used extensively in the breeder 

reactor program. The Clinch River Breeder Reactor (CRBR) will incorporate a 

sodium cold trap comparable in capacity to that required for the 17Li83Pb blanket 

design. Flow rates required for the DEMO design are approximately three times 

that used for CRBR. The tritium recovery mechanism for a cold trap has recently 

been studied^^ and would be Incorporated into the DEMO design. Each cold trap 
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would require 1 d warmup to 450°C after which the tritium would be removed by 

pumping to the fuel cleanup units. At least four traps would be incorporated 

into the design, with each trap operating 6 h out-of-phase of the other to 

provide reliability. The sodium coolant would have to be cooled to 195°C 

before entering the cold trap. In Table 4-57, several cases are presented for 

the cold trap extraction system. 

93 
The molten salt extraction process has also been described and is at 

94 
the pilot-plant stage. Table 4-58 contains the results for several cases 

considered. As noted, the tritium inventory is strongly dependent on the 

blanket mass. Only a small number of contactors are required. With this 

raethod, the tritium pressure could be reduced If larger fractions of blanket 

mass were processed. 

Figure 4-51. 
17 1183 Pb BLANKET-TRITIUM EXTRACTION CONCEPTS 
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Table 4-56. Blanket/Coolant Pararaeters for 17L183Pb^ 

17Li83Pb Sodium Helium 

Coolant 

Weight, kg 
3 

Surface Area, m 

Volume, m 

Surface A 

Thickness, mm 
^ c „ c 2 
Surface Area, m 
Thickness, mm 

Blanket 

Weight, kg 

Volume, m 
2 

Surface Area, m 

Thickness, mm 

Breeding Ratio 

Tritium Bred, g/d 

Steam Generator 

Coolant Wall, mra 

Steam Wall, mm 
2 

Surface Area, ra 

Helium Gap 

Volume, m 

Thickness, mm 

Tritium Pressure, Pa 

Oxygen Pressure, Pa 

Hydrogen Pressure, Pa 

6 X 10" 

680 

403 

5 

4914 

10 

6 X 10^ 

680 

5317 

5 

1.05-1.3 

147-182 

10 

12.7 

3693 

11 

3 

-10' 

1.4 

•12 

8 X 10^ 

810 

2052 

5 

4775 

10 

3.6 X 10" 

403 

2052 

5 

1.05-1.3 

147-182 

10 

* 

12.7 

3693 

11 

3 

-10 
•12 

-10 
-12 

1.4 
-12 

2 X 10" 

1299 

3970 

5 

9187 

10 

3.6 X 10^ 

403 

3970 

5 

1.03-1.3 

147-182 

10 

12.7 

5899 

18 

3 
-12 

-10 

1.4 

-10 -10 •12 

^Ferritic steel structure assumed. 

''Surface within blanket. 

Surface, blanket and piping. 
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Table 4-57. Summary of Sodiura Cold Trapping at 115°C as 
Tritium Recovery Method for 17L183Pb 

Breeding ratio 

Weight sodium, kg 

Fraction processed 

Tlrae to steady state, h 

Tritium pressure. Pa 

Tritium Concentration kg/kg 

Tritiura inventory, g 

Sodium 

17Li83Pb 

Cold Trap 

1.3 

8 X 10^ 

0.02 

37 

0.026 

1.4 10 

110 

200 

180 

1.3 

2.4 10 

190 

200 

180 

1.3 

1 X 10^ 

0.01 

60 

0.098 

8 X 10 

0.005 

88 

0.123 

4.1 X 10 

330 

200 

180 

Table 4-58. Summary of Molten Salt Extraction as 
Recovery Method for 17Li83Pb 

Breeding ratio 

Weight 17Li83Pb, kg 

Fraction Processed 

Frequency, No./d 

Contactors 

Electrolytic Zone 

3 
Volume, ra 
Surface Area, m 

Tritiura Pressure, Pa 

Tritium Level, kg/kg 

Salt 

17Li83Pb 

Tritiura Inventory, g 

Salt 

17Li83Pb 

6 

4 

3 

1.05 

X 10* 

0.05 

60 

11 

0.03 

6 

37 

X lO"** 

X 10"^ 

2 

158 

6 

1 

7 

1.05 

X 10* 

0.01 

114 

2 

0.05 

2 

256 

X 10"^ 

X lO"'' 

1 

408 

6 

1 

8 

1.3 

X 10* 

0.01 

119 

2 

0.05 

2 

359 

X 10"^ 

X 10"^ 

1 

483 

1. 

3 

7 

1.05 

7 X 10* 

0.01 

379 

2 

0.2 

7 

256 

X 10"^ 

X 10"^ 

0.1 

122 

1. 

4 

8 

1.3 

7 X 10* 

0.01 

396 

2 

0.2 

7 

359 

X 10-8 

X 10-8 

0.1 

145 

Number of times fraction is processed per day. 
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4.4.6.2 Tritium Inventory 

In comparing the three tritium extraction systems studied, one finds that 

the inventory in all three systems is similar. Table 4-59, as is the tritium 

pressure in the blanket. The raain difference is noted in the tritiura pres

sures achieved in the coolant. To all intents, the systeras are equivalent. 

4.4.6.3 Tritiura Leakage 

With the 17Li83Pb system, secondary containment of all coolant lines 

outside the blanket is required. In addition, 1.4 Pa oxygen has to be added 

to all secondary enclosures filled with helium to ensure (1) that an oxide 

layer is formed to impede permeation, and also (92) to convert Ty to T2O. The 

equilibrium constant for the equilibrium 

T2 + — O2 = T2O 
2 

1 /2 97 
is -5 X 10I9 Pa at 500°C. Thus with 1.4 Pa oxygen, the tritium pressure 

— 1 ? —3 

is ~10 Pa and the T2O pressure is ~10 Pa provided the helium is processed 

through molecular sieves to remove the T2O. (A low flow rate would be 

required.) In addition, the helium gap would reduce the H2 influx from the 
-3 

steam generator. At 50 atm. the hydrogen pressure would be 6 x 10 Pa which 
would result in an influx of <4 x 10- g/d. The secondary tritium perraeation 
data is summarized in Table 4-60. 

The reference designs used incorporated ferritic steel as the alloy of 

choice (to reduce tritium inventories by about two orders of raagnitude) and 

used raolten salt extraction with either 17Li83Pb or heliura coolant and a cold 

trap with sodium coolant. Any of these systeras appear feasible from the 

tritium standpoint. 

4.4.7 Thermal-Hydraulic Analysis 

To be completed. 
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Table 4-59. Comparison of Different Tritium 
Extraction Methods for 17Li83Pb 

17LI83Pb Sodium Helium 

Breeding ratio 

Fraction processed 

Tritium pressure. Pa 

17LI83Pb 

Coolant 

Tritium Inventory, g 

17LI83Pb 

Coolant 

Other'' 

Alloy (Fe) 

1.3 

0.01 

359 

~ 

483^ 

~ 
1 

-13 

1.3 

0.01 

>100 

0.1 

200 

190 

-180 

-5 

1.3 

0.01 

359 
-lb 

10 3 

290 

0.2 

1.0 

-10 

^ For 6 X 10* kg; if 4 

^ TjO pressure; T2 

"̂  Molten salt or cold trap 

10 kg, inventory is 290 g. 

10 ^^ Pa. 

Table 4-60. Tritium Perraeation into Secondary 
Enclosures for 17L183Pb Blanket 

17Li83Pb Sodium Helium 

Piping 

Surface Area, m^ 

Pressure Tj Pa 

Perraeation, g/d 

Perraeation, barrier,'' g/d 

Steam Generator Gap 

Surface Area, ra"^ 

Perraeation, g/d 

Permeation, barrier'', g/d 

Pressure T, 

Permeation, g/d 

Permeation, barrier,'' g/d 

1221 

200 

75 

0.08 

3693 

75 

0.08 

10-12a 

6.5 X 10" 

0.06 

1082 

0.05 

1 

0.001 

3693 

1 

0.001 

3288 

10-12' 

8 X 10 

4 X 10-9 

,-6 

5899 

1.6 X 10" 

<10 -12 = <10 

10 ' 

-12^ 

<1 X 10 

<io-

-3 
10" 

<io-

^Presence of 1.4 Pa oxygen,T2O pressure = 0.14 Pa. 

Barrier effectiveness assuraed lOOOX. 
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4.4.8 Materials Compatibility 

Compatibility with the structural raaterial is a key feasibility question 

for the Li-Pb breeder concept. The maximum blanket operating temperature may 

be limited by corrosion/compatibility criteria. Since the data base for this 

system is very limited, much of the compatibility assessraent raust be 

extrapolated from available results from similar types of systeras. Critical 

compatibility issues are of two types: (1) those probleras related to 

corrosion/mass transfer effects, and (2) those problems related to effects on 

the mechanical integrity of the structure. Reference 93 is a recent summary 

on the corrosion and compatibility considerations of liquid metals for fusion 

reactor applications. 

4.4.8.1 Corrosion/Mass Transfer 

Relatively little experimental data exist for the corrosion of structural 

alloys in the 17Li-83Pb alloy system. Therefore, the importance of these 

effects raust be deduced frora fundamental solubility data and results frora 

similar types of systems. General aspects of the corapatlbility problem can be 

summarized as follows: 

° Nickel is highly soluble in both lead and lithium, therefore 

alloys with significant concentrations of nickel will 

generally exhibit high corrosion rates. 

• 
° Preliminary static capsule tests with Type 316 SS and HT-9 

alloy indicate much higher (about 100 x) corrosion 

rates at 500°C in 17Ll-83Pb than in lithium under similar 

conditions. Much lower corrosion rates have been 

reported in static tests at 350 and 400°C. 

° Corrosion/mass transfer effects in circulating systeras 

are generally much greater than in static systems. 

° Preliminary results Indicate that corrosion of ferrous alloys 

in 17Li-83Pb is raore similar to testing in pure lead than 

in pure lithiura. 
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" Ferritic steels with low or no nickel are more resistant to 

attack than austenitic steels. 

° Results from Fe-2-l/4Cr-lMo tests indicate that the 

extent of penetration by Li-3.5 Pb is quite sensitive to 

the alloy raicrostructure. Results for 17Li-83Pb were 

less sensitive to alloy microstructure. 

° The iraportance of Irapurlties in the liquid metal has not 

been investigated. Nonmetallic irapurity effects are 

generally Iraportant In liquid raetal systems of Interest 

for practical applications. 

° Pure iron is probably more resistant to corrosion than 

raost ferrous alloys. Miniraal alloying is probably desirable 

frora a corapatlbility viewpoint. 

° The refractory metals, e.g., vanadium and niobium alloys, 

are expected to be much more corrosion resistant than 

stainless steels or ferritic steels. 

Obviously raore data are required before the extent of corrosion/mass transfer 

in a practical systera can be reliably assessed. 

4.4.8.2 Effects on Mechanical Properties 

Possibly a greater concern than the corroslon/raass transfer effects are 

potential stress-corrosion or liquid metal embrittleraent effects on the 

structural alloys exposed to the Li-Pb alloy. The heavy liquid raetals, e.g., 

lead, bismuth, and tin, generally produce ranch more severe embrittling effects 

than the alkali raetals. An Important aspect of this problem is that it occurs 

at relatively low temperatures. 

Arraco iron and low-alloy steels wetted with lead, bismuth, or lead-bismuth 

eutectic showed severe ductility loss between 200 and 400''C.'•"'°"'"-'"°3) The 

largest drop of ductility was observed at approximately 350°C. Specimens 

exposed to embrittling metals failed as a result of the growth of a brittle 

crack, whereas in an inert environment they failed by ductile fracture. The 
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temperature range for embrlttlement extends considerably below the melting 

point of the melt and is related to the teraperature interval of reduced 

plasticity of "blue brittleness" of specimens tested in vacuum. Stress 

relaxation in this temperature range is inhibited and thus promotes strain 

hardening, which is more pronounced in specimens deforraed in liquid raetals 
106) 

The influence of lead-bismuth eutectic environment on the fatigue 

strength of ferritic and austenitic steels has been investigated at 

temperatures between 300 and 600''C ' • The fatigue strength of various 

grades of steels when wetted by molten lead-bismuth eutectic was substantially 

reduced by penetration of the liquid raetal along the grain boundaries. The 

deleterious effects of liquid lead-bisrauth eutectic can be prevented by the 

formation of an oxide film on the steel surface, which if maintained, inhibits 

the wetting of the steel by the liquid raetal. Surface oxides are not expected 

to be stable in the Li-Pb system. The weakening effect of lead-bismuth 

eutectic can also be eliminated by controlling the cyclic frequency. The 

fatigue life of low-alloy steel tested in liquid lead-bismuth at a strain rate 

of 8.0 x 10" /s was about the same as that in air, but a drastic reduction in 

fatigue strength was observed at a strain rate of 5.3 x 10 /s ' • The 

reverse strain-rate effect in liquid metals is explained by accelerated grain 

boundary diffusion of liquid metal under high cyclic stresses. The absence of 

the harmful effects at slow strain rates is associated with the relaxation of 

local stresses such that conditions conducive to grain-boundary diffusion by 

the liquid raetal cannot be produced. Tests of austenitic steel under stress 

in 17Li-83Pb at 350°C show raicrocracks after 500 h. ^^ ' 

4.4.8.3 Design Limitations 

The data base on compatibility of candidate structural alloys is 

insufficient to provide definite conclusions. However, based on the available 

information, the following conclusions are provided as a basis for the present 

design study: 

° Corrosion rates of austenitic steels with significant 

nickel concentrations are believed to be excessive. 

Hence, these alloys have not been selected as the 

candidate structural materials for the Li-Pb breeder 

concepts. 
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° Although corrosion rates of ferritic steels are predicted 

to be quite high, these alloys are proposed for the reference 

structural raaterial with a maximum temperature limit of 450''C. 

" Although data for refractory metals are practically nonexlstant, 

corrosion rates are predicted to be much lower than those 

for the ferritic steels. Therefore, vanadium-base alloys are 

proposed as the backup structural raaterial. 

4.4.9 Design Configuration 

This section provides a description of the conceptual design for 

the 17Li-83Pb liquid metal breeder reference blanket design (Sec. 4.4.9.1) 

and the related energy conversion system (Sec. 4.4.9.2). Rationale for 

blanket design detail choices is given in Sec. 4.4.9.3, and operational 

and safety considerations are discussed in Sec. 4.4.9.4. 

4.4.9.1 Design Description 

The Li-Pb alloy reference blanket design is Illustrated in Figure 4-43. 

Because It is cooled by liquid sodiura, it is slrailar to the water-cooled LiiO 

solid breeder reference blanket design described In Section 4.3.9.1, and the 

rationale described therein for selection of design details is generally 

applicable. Therefore, this section and the three following will focus on the 

difference in the Li-Pb reference blanket design as compared to the design of 

the U2O blanket. The principal differences are (1) coolant tube arrangement 

and thermal-hydraulic parameters, (2) raodule structural arrangement, and 

(3) the addition of resistance heaters. Materials and selected design options 

for the Li-Pb reference blanket are listed in lible 4- 61. 
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ISble 4-61. STARFIRE/DEMO U-Pb Alloy Breeder Reference 

Design Description 

Selected Materials 

Tritium Breeder 

Coolant 

- Structure 

Liquid 17Li-83Pb Alloy 

Liquid Sodium (.i 0.5 MPa) 

- Inlet temperature :::_ 275°C 

- Outlet temperature ::i400°C 

Ferritic Stainless Steel 

Selected Design Options 

- First Wall ' Be-clad Corrugated Panel 

- Breeder Coolant Containment Small-diameter Tubes 

- Other 

- Toroidal direction for coolant flow 

- Dual parallel primary coolant loops 

- Maintenance by sector removal and replacement 



The raodule first wall is the same as for the LI2O blanket, except that 

the thickness and channel size in the corrugated sheet are reduced since 

sodiura coolant pressures are low. Coolant tube spacing, both poloidally and 

radially (depthwise), is altered from that of the Li20 blanket to account for 

(1) the different nuclear heating rate with depth into the blanket, and 

(2) the higher thermal conductance at the outer surface of the coolant tubes. 

Module structure is modified somewhat to react the gravity loads result

ing from the large mass of lead contained within each raodule. lhe toroidally-

oriented internal frames are spaced - 20 cm apart poloidally, and connect the 

first wall structure to the back wall of the module. The internal frames 

extend to the side walls of the module, and are welded to them around each 

frame's perimeter to forra a nuraber of pressure-tight compartments within the 

module. The breeder gravity load (for the vertical or slanted modules) is 

thus taken in large part by these frames. The frames are stiffened by shallow 

ribs spaced — 10 cm apart in the toroidal direction, to react the gravity 

loads to the module's back wall. 

Resistance heaters arranged in dual parallel circuits are attached to the 

two sides of the raodule extending toroidally and to the back wall. During a 

startup these heaters are used to raise the blanket temperature above the 98°C 

melting point of sodium, at which time the two coolant circuits are filled 

with sodiura. The sodium is heated outside the reactor and then circulated 

through the blankets to bring their temperature above the 240°C Li-Pb melting 

point to the teraperature selected for beginning the plasma burn. 

The tritium removal scheme, as discussed in Section 4.4.2.1, is to permit 

tritium permeation from the Li-Pb through the coolant tube walls into the 

sodium. A portion of the sodiura coolant flow is diverted outside the reactor 

to the tritiura processing equipment which uses cold trapping to extract the 

tritium from the sodium. 
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4.4.9.2 Energy Conversion System 

The basic elements and arrangement of the energy conversion system for 

the sodium-cooled Ll-Pb breeder concept is illustrated in Figure 4-52. The 

system is similar to that shown for the Li20 reference blanket in Figure 4-17 

with the primary differences being (1) deletion of the pressurizers, and 

(2) addition of dump tanks and transfer pumps. Major parameters of this 

system are listed in l^ble 4.62. 

The future detail design of the steam generators for this systera is 

expected to borrow heavily from the active and extensive program of steam 
(74) 

generator development for IMFBRs, which builds on earlier efforts to 

develop steam generators for the Clinch River Breeder Reactor Plant (CRBRP). 

Three steam generator types are being developed: (a) single-wall tube, hockey 

stick configuration; (b) single-wall tube, helical coil configuration; and 

(c) double-wall straight tube configuration. Prototype tests have been con

ducted or are planned for all three designs. The selected alloy for each is 

2-1/4 Cr-1 Mo ferritic steel, based on its good performance in actual service 

and on current development activities. Materials and process development and 

qualification efforts are underway in critical areas such as double-wall tube 

fabrication and welding and Inspection techniques. The development program 

for sodium-heated IMFBR steam generators, together with similar programs for 

other components such as pumps, is expected to result within the next 10 years 

in a proven technology base adequate for design and construction of sodium-

heated STARFIRE/DEMO energy conversion systera components. 

FlRure 4-52. Schemntlc of KnerRv Conversion SyaEem for Ll-Pb 
RrcoJer/Coolant Blanket Concept. 
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ISble 4-62. Major parameters for primary loop (sodium-cooled Li-Pb 

a l loy breeder blanket) 

Coolant 

Heat Load 

Blanket Outlet Teraperature 

Blanket In l e t Temperature 

Operating Pressure 

Maximum Li-Pb Teraperature 

Number of Independent Loops 

Maximum Pipe Size 

Maximum Velocity 

Pumping Power 

Coolant Volurae 

Number of Steara Generators 

Number of Pumps 

Pump Capacity 

Liquid sodium 

850 MW 

- 40000 

- 275°C 

< 0.5 MPa (< 70 pslg) 

- 450°C 

2 

- 1.0 m I.D. 

- 20 m/s 

- 20 MW 

- 300 m^ 

2 per loop 

2 per loop 

50% of total required capacity 

4.4.9.3 Rationale for Design Detail Selection 

The rationale for selecting a sodiura-cooled approach to the Li-Pb alloy 

breeder blanket rather than a self-cooled approach was discussed in Section 

4.4.2.3. Section 4.3.9.3 presented the rationale for the design details 

selected for the 112© solid breeder reference blanket, most of which were also 

selected for the soldium cooled Li-Pb alloy reference blanket. TWo specific 

choices which require additional discussion are: (1) use of single-wall 

breeder coolant tubes instead of double-wall tubes; and (2) internal struc

tural arrangement. 

Single-wall breeder coolant tubes are considered to give adequate protec

tion against the development of leaks through which the coolant could contact 

the Li-Pb breeder. Inspection methods developed within the UIFBR program for 

small-diaraeter seamless ferritic steel tubing should result in very low prob-
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abilities of through-crack occurrence in service. Also, the consequences of 

any sodlum-to-breeder leak are expected to be small, because of the low reac

tivity between liquid sodium and liquid Li-Pb. However, if double-wall tubes 

with interraediate zone leak detection capability are later shown to be desir

able, they can be incorporated into the design with minimal impact. 

The internal structural arrangement Illustrated in Figure 4-43 is a 

preliminary choice. The primary design load on the module is the ~ 1.0-1.7 

MPa pressure on the first wall acting toward the plasraa chamber center during 

a plasraa disruption (Chapter 5). This load is adequately reacted by frames 

oriented normal to the first wall and connected to the back wall. The 

toroidal plane selected for the frames simplifies their integration with the 

toroidally-oriented coolant tubes. The gravity load of the high-density Li-Pb 

must also be reacted, however, and the module Internal pressure resulting from 

the Li-Pb static head must be accommodated. To meet these requirements, the 

internal frames are extended toroidally to the module end walls (in the 

poloidal plane) and are welded to the walls to form multiple pressure-tight 

compartments within each module. This reduces Li-Pb static head to < 10 psi 

for any compartment. The loads acting on the frames and first wall In the 

vertical or 45° modules are beamed to the back wall through small stiffeners 

on each frame, spaced - 10 cm apart. The gravity load of the Li-Pb in each 

compartment is reacted by the first wall (top horizontal module), the back 

wall (bottom horizontal module), the frames (side vertical modules), or some 

combination of these (45° modules). Thus, all Li-Pb gravity loads are ulti

mately reacted by back wall, which is attached to major sector support stru

cture. Further design and analysis effort is needed, however, to determine 

whether this structural arrangement is preferable to simply increasing the 

module wall thickness to adequately react the gravity loads and hydrostatic 

head for a full module. 

4.4.9.4 Operation/Safety Considerations 

lhe most important safety considerations for the Li-Pb alloy reference 

blanket are (1) the consequences of a coolant tube rupture in the steam gene

rator, and (2) removal of blanket afterheat in a reactor accident situation. 

Ihese considerations and the reasons for their importance are discussed in 

Table 4-63. 
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A sodium coolant tube rupture within a module for the Li-Pb reference 

blanket is not expected to have serious consequences. The sodium/Li-Pb inter

action will not produce high pressures inside the module, and the module walls 

are designed to withstand the relatively low MPa maximum sodium coolant pres

sure. Thus the accident should be contained within the single faulted module, 

so that secondary accidents (e.g., module rupture) will not occur. 

The designs proposed for I>!FBR steam generators use primary coolant tubes 

manufactured, inspected and Installed to very high standards. Regardless, a 

coolant tube rupture within the steam generator is still a possibility. How

ever, the pressure pulse created will be contained by the thick shell of the 

steara generator and any damage will be confined to the internals. Thus the 

reactor will not be affected and reactor operation can continue after a brief 

downtirae, assuming a spare steam generator is included in the plant design 

(nominally for use during maintenance of one of the other steam generators). 

The safe removal of blanket afterheat following an accident Involving a 

primary coolant loop is Important to the protection of plant capital invest

ment. If not adequately cooled, the activated blanket structure could over

heat past the temperature limit for safe sense of the component. In a worst 

case, the blanket structure could weaken sufficiently to permit rupture and 

thus release large quantities of Li-Pb and sodium into the plasma chamber. It 

is because of these possibilities that the provision of either dual parallel 

primary coolant circuits, or an independent emergency coolant loop for all 

modules, is considered virtually a necessity for power reactor blankets. The 

relative design simplicity of providing dual circuits for the sodium-cooled 

Li-Pb blanket is a significant advantage for this approach. 
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Table 4-63. Principal operation/safety considerations for Li-Pb breeder reference 

b]anket 

Concern Importance Remarks 

Breeder/coolant contact as 

result of small or large 

coolant leak 

Cool ant/water contact in 

stean generator as result 

of small or large coolant 

leak 

Safe removal of blanket 

afterheat following a 

coolant loop accident 

Module internally pressurized 

to coolant pressure 

Cool ant/water^ reaction can 

damage steam generator 

internals 

Temperature increases in 

blanket can lead progressively 

to annealing of structure, 

which precludes reuse 

,1 
No breeder/coolant 

chemical reaction 

Modul e designed to 

withstand coolant pressure 

Steam generator shell sized 

to withstand full 

steam/water pressure 

Damage limited to a single 

steam generator 

LMFBR technology 

development minimizes risk 

Dual parallel coolant 

loops nearly eliminate 

possibility of unacceptable 

temperature increases 

Further work needed to 

determine whether safe 

afterheat removal without 

active cooling (via 

conduction and radiation) 

is feasible 

'Assunes Li-Pb breeder cooled by sodium. 
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5.1 Introduction 

The reactor configuration and maintenance approach are major factors in 

determining the economic viability of coiranerclal fusion reactors. DEMO should 

utilize a reactor configuration and maintenance approach that typifies a 

commercial reactor so that shortcomings can be identified and modifications 

incorporated prior to construction of the first commercial demonstration 

reactor. In addition, cost of electricity (COE) will be one of the most 

important aspects for commercial reactors so emphasis in DEMO should be placed 

on reducing the elements that contribute to COE, namely: 

o Outage rate (reliability and lifetime) 

o Capital cost 

o Replacement approach (time) 

Design choices can affect the outage rates but quantatlve data on the 

reliability and lifetime of components is presently lacking. Data on the 

required design margins, redundancy levels, specific component designs, etc. 

will become available as reactors such as TFTR and FED begin operations. 

Availability analyses of tokamaks has provided some guidance to DEMO such as 

to indicate that some components (e.g. magnets) will have to be significantly 

more reliable than other components (e.g. first wall) if a reasonable avail

ability is to be achieved. 

All DEMO components should be prototypical of a commercial reactor. 

Enhancing maintainability is a primary goal of the DEMO design even at the 

expense of a modest increase in capital cost. The experience gained through 

design, construction and operation of a commercially relevant reactor configu

ration is expected to outweigh any cost differences. 

The component replacement approach for DEMO should be as close as possi

ble to that expected for commercial reactors. Similar access provisions, 

module configuration, sealing approaches, leak Isolation techniques, sector 

removal approach, etc. should be utilized so that design Improvements can be 

identified. A difference between DEMO and the first commercial demonstration 
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reactor; however, is that DEMO needs only to show that the method is viable 

for a first demonstration commercial reactor. For exaraple DEMO costs may 

dictate that less sophisticated maintenance tools be used. These tools may 

require more time to perforra tasks but this is acceptable If no feasibility 

question exists. 

The STARFIRE/DEMO study has emphasized design for ease of replacement 

(maintenance). Minimum capital cost has been emphasized until it impacts 

maintenance. At that point we have let maintenance dominate. For example, 

the numbers and size of TF colls has been reduced as much as possible compati

ble with replacing one blanket sector per TF coll. Reducing the number of TF 

coils leads to use of fewer first wall blanket sectors, fewer seals, joints 

and pipes which might fail and to fewer components resulting in less total 

time for component replaceraent. 

A total remote maintenance approach was selected for DEMO based on the 

desire to minimize radiation exposure to workers. It Is believed that if 

remote maintenance is desired in a commercial reactor then DEMO should show 

its viability for all maintenance operations. Workers can be utilized in the 

radiation environraent as a backup to the maintenance system given the develop

mental nature of DEMO. The key Issues addressed in the DEMO effort have been 

selection of the nuraber of TF coils, minimizing their size, identification of 

the location of the vacuura boundary, selecting the number and configuration of 

blanket shield sectors and selecting the maintenance approach. 

This chapter first summarizes the DEMO design approach and then is fol

lowed by discussions of the key issues noted above. 

5.2 Reference Reactor Configuration 

The reactor configuration is raade up of 8 TF coils, 8 shield sections, 8 

blanket sectors, 8 liraiter modules, 8 EF coils, 4 OH colls and 4 CF coils. 

Also included are 2 REB launchers. A layout of the reactor is shown in Figure 

5-1. The reactor is designed for complete reassembly by remote maintenance. 

Sketches of the blanket, shield and TF coil are shown in Figures 5-2, 5-3 and 

5-4 respectively. 
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Fig. 5-1. Reactor layout. 
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Fig. 5-2. Blanket sector. 
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Fig. 5-3. Shield sector. 
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INTRACOIL BEAM 

Fig. 5-4. TF coil configuration. 
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The TF coils are designed for a lOT peak field and utilize NbTl in a bath 

cooled tank. The coll vertical support is provided by the center post and an 

outer support pedestal of G-IO fiberglass. The half height of the coil is 

5.46 m and the outer leg radius is 11.6ra. The overturning forces are reacted 

through a 4°K beam structure which leaves a 6.2 m wide x 7.5 m high opening 

between TF coils for blanket installation. The in-plane loads on the upper 

and lower portions of the TF coil are supported by the center post which 

extends outward ~1.5 m. This permits use of a shortened TF coil which follows 

a pure tension shape in areas away from the center post. The OH and EF coils 

are supported inside the common vacuum tank from the TF coils. lhe upper and 

inner OH and EF coils can be replaced by removing the upper dome of the vacuum 

tank. Spares have been included for the lower OH and EF colls because of the 

consequences associated with their replacement (rewind in-place or disassemble 

the reactor). 

The vacuum boundary for the plasma chamber is located at the shield. The 

blanket/shield sector doors provide the vacuum enclosure with dual elastomer 

seals which have intermediate pumping to permit the system to tolerate some 

leakage. The shield is Installed as 8 sectors which form a pocket for the 

blanket. The pocket shield sectors are seal welded together to form the 

vacuum boundary. IVo dielectric breaks are require^ in sectors 180° apart. 

The TF, CF, EF and pocket shield sectors are designed to last the llfe-of-the-

plant and should not require replaceraent; however, provisions are made for 

remotely replacing them since "Murphy's Law" says it is prudent. 

The blanket, limiters, vacuum pumps and REB current drive launchers are 

remotely replaceable. These components are designed so they may be replaced 

independent of each other except for the blanket which will require removal of 

limiter and REB antennas with the blanket sector. 

The vacuum pumps are located in the reactor building basement and can be 

maintained independent of other reactor components. Each of the 8 pumps are 

manifolded into a common plenum inside the blanket sector shield door cavity 

so that two of the eight can be regenerated while the other six are operat

ing. A regeneration time of 2 hours is anticipated which implies 6 hours 
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between pump regeneration. Dual gate valves are included on each purap for 

redundancy and to permit pump removal without breech of vacuum. 

The anti-torque structure consists of a 4°K bending beam structure that 

forms a ring at the top and bottom of the coils in addition to the outer legs 

of the TF coil. This structural approach Is based on the design development 

work done for INTOR and FED. Additionally the shield rests on pedestals which 

are made up primarily of the shielding that surrounds the vacuum ducts, lhe 

TF coil vertical supports are via the center post and G-IO fiberglass support 

paths under each TF coll. A common vacuum tank encloses all TF, EF and OH 

coils and the center post. The weights of the major components are summarized 

In Thble 5-1. 

5.3 Design Approach Selection 

The DEMO configuration has been selected to enhance the maintalnablility 

of the reactor without critically detracting from the reactor performance or 

increasing cost. Many of the STARFIRE considerations have been carried 

directly into DEMO especially in areas where little effort has been expended 

for DEMO. Areas where raajor differences occur are in the number of TF colls, 

TF coil shape, TF coil support and selection of one blanket sector per TF 

coil. Eight TF coils are utilized instead of twelve. The modification is 

required due to the decision to use one blanket sector per TF coll which 

results in use of a larger coil relative to the plasma. The TF coil shape is 

more circular than Dee but is still pure tension in areas not supported by the 

center post. This shape was chosen to minimize the stored energy of the TF 

and EF coll systems. The 4°K overturning structure design of INTOR and FED 

has been adopted for DEMO. Steady state operation minimizes fatigue concerns 

with this structure. A single blanket sector is used per TF coil because it 

simplifies sector reraoval, significantly reduces the nuraber of cooling lines 

and simplifies liraiter replacement. The object of Identifying a design con

figuration at this point is to provide a focal point for design trades in the 

major systeras and to identify critical areas for further considerations. 

Key areas where further design work is planned include: 
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Table 5-1. Major Component Weights 

Shielding (Excludes sector door) 

TF Coil 

EF Coil 

EF Coil 

EF Coil 

EF Coil 

OH Coil 

OH Coil 

CF Coil 

CF Coil 

Limiter 

(8) 

(R = 

(R = 

(R = 

(R = 

(R = 

(R = 

(R = 

(R = 

Modu 

1 m) 

2 m) 

4 m) 

11.5 m) 

1 m) 

3.6 m) 

4.4 ra) 

8 m) 

le 

Sector Removal: 

1 FW/B Segment 

1 Door 

Total We ight 

Per Sector/Item 
(Metrl 

439 

400 

42 

55 

56 

315 

63 

36 

12 

21 

50 

44 

263 

» 

1 

c Tons) 

306 

I'otal 
(Metrli- I'mus) 

3512 

3200 

84 " 

110 

112 

630 

> 

• 936 

126 1 
72 '̂ J« 

24 ] 

42 j '^ 

400 

2448 

10,760 
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TF Coil Design Modification for Enhanced Replaceraent 

The DEMO TF coil has been designed for remote replacement; however, it 

would be highly desireable to develop a raethod of eliralnating the welded 

coramon vacuura tank at the centerpost. Methods of surrounding the inner leg 

with a separate vacuura tank generally result In an excessive heat leak and are 

not compatible with the 4°K support structure. (See paragraph 5.5) 

Vacuura Boundary Location 

The vacuum boundary location tradeoff has indicated substantial benefits 

(e.g. no dielectric vacuum joints) and penalties of larger surface areas and 

volumes for vacuura puraping and Increased difficulty of replacing the TF coll 

if the plasma vacuura boundary is located at the TF coil vacuum tank as opposed 

to the shield. Further trade studies are required. (See paragraph 5.3.4) 

Electromagnetic Loading 

The electromagnetic loads on the first wall/blanket sectors, current 

drive launchers and poloidal coils of the DEMO reactor need to be evaluated. 

Inversion Probability at Liraiter 

The probability that particles entering the limiter slot will remain in 

the slot must be determined with more accuracy. The number of vacuum pumps 

and ducts can change significantly with this criteria. (See paragraph 5.4) 

5.3.1 TF Coll Configuration 

The TF coll system probably has the largest single effect on the overall 

reactor configuration. The number of coils will determine how many components 

are required and the basic size of each component. In general a lower number 

of TF coils means fewer components, joints, valves and connections and, in all 

likelihood results in a higher reliability of the system. Fewer parts also 

imply fewer maintenance operations and therefore less time for maintenance, 

lhe above considerations lead to higher availabilities for lower numbers of TF 

coils, hence our incentive to reduce the number of coils as much as possible. 
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5.3.1.1 Number of TF Coils 

Consideration of the access requirements of the blanket and shield and 

the ripple limits Imposed on the TF coil system has resulted in selection of 8 

TF coils with an outer leg radius of 11.5m. The resulting ripple is 2.1 

percent pea'<-to-peak at the outer edge of the plasma and 0.9 percent at R •<-

a/2. 

Ripple Requirements 

Ripple requirements for tokamaks have not been well established; however, 

the currently suggested limits are: 

- 0.6 Percent peak-to-peak at R -f a/2 

- Three Percent peak-to-peak at the outer plasma edge (R. + a) 

The 0.6 percent peak-to-peak ripple limit has been mutually arrived at by 

members of a ripple limit workshop (1). This limit is compatible with current 

transport codes. A second ripple limit of three percent peak-to-peak at the 

plasma edge has been discussed more recently as a possible alternative. DEMO 

has utilized this limit for its design. Peak-to-average ripples of other 

designs are given In Table 5-2. 

Table 5-2. Field Ripple for Design Studies 

LOCATION 

STARFIRE 

INTOR 

FED 

INTOR MC»IFIED 

DEMO 

% 

0.09% 

0 . 1 0 

0 . 1 0 

-
0 . 1 4 5 

PEAK-- TO-AVE RAGE RIPPLE 

RQ + a / 2 

0 . 4 0 

-
0 . 3 0 

0 . 5 0 

0 . 4 5 

(%) 

R„ + a 

1.47 

0.50 

0.80 

1.50 

1.05 

IF Coil Outer Leg Radius Selection 

A siraplified equation (2) has been utilized to determine the TF Coil 

ripple; this relationship is: 

1.1 R/6 
1/N 

where R2 = outer leg radius (m) 
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R = radius where ripple is measured (m) 

6 = peak-to-peak ripple 

N = nuraber of TF coils 

A plot of the outer leg radius as a function of ripple is shown in Figure 

5-5 for the two plasraa zones of interest. The ripple limit of three percent 

is met at an outer leg radius of 11.1 m but, this radius was too small to 

permit sector installation. (See next section: Access Requirements.) Seven 

colls would have resulted in a peak-to-peak ripple at R •(• a of 3.8 percent If 

the access limited radius of 11.4 m was used. 

Access Requirements - The access required for installation of one first 

wall/blanket sector per TF coil can be estimated using simple geometry calcu

lations. Assuraptions in these calculations included the georaetry shown in 

Figure 5-6 and an assuraption that the full blanket depth is desired at the 

reactor midplane. Additionally, assumptions for the shield sectors are that a 

30 cm thick outer frame and a 10 cm shielding step are required. The shield 

sector clears the TF coll vacuum tank by 10 cm. Hie vacuum tank thickness, 

superinsulation and liquid nitrogen shroud make up a 20 cm layer enclosing the 

4°K cold case. These calculations result in the mechanical access constraint 

that is shown in Figure 5-5. Further refinement of the ripple calculations 

and ripple limits and better definition of the structural support, vacuum tank 

and shielding step designs are required. The total access to the blanket 

sectors varies less than 1 m in total perimeter for changes from 3 to 12 TF 

coils. As more coils are used, each sector becomes proportionally narrower. 

5.3.1.2 TF Coll Cross Section 

The center post portion of the TF coil is frequently designed with flat 

sides to make the coil simpler to fabricate. However, if the coil is pancake 

wound, as is anticipated for the DEMO coil, the only added expense of a more 

closely fitting cross section is that of machining that portion of the coll 

case along the inner leg and in a transition area at the top and bottom inner 

leg. Tlie two options are shown in Figure 5-7. A coraparison of the fabricated 

cost of each case indicates that a $20/kg cost is Incurred for a welded plate 

dewar and that an additional $10/kg can pay for machining in grooves. On this 
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Fig. 5-5. TF coil ripple with mechanical access constraints for 
sector installation superimposed. 
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4°K COIL CASE 

TF COILCRYOSTAT 

SHIELD & VACUUM PLENUM 

SHIELD SECTOR 

R2 • 11.6 m (8 COILS) 

OUTER LEG 
RADIUS R2 (ml 

114 
116 
11.8 
12.0 
12 34 

NUMBER OF COILS 

7 
8 
9 

10 
12 

-CONDUCTOR 

•~4<'K COIL CASE 

Fig. 5-6. Access geometry of reactor. 
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PEAK F IELD 

PLASMA 

PEAK F IELD 

0.19 m (8 COILSI 
0.09 m (12 COILSI ' 

1 
PLASMA 

COST/LB 

M A N U F A C T U R E D COST 
OF INNER LEG 
STRUCTURE 

$30/KG 

$1.9 m 

$20/KG 

$1.3 m 

Fig. 5-7. TF coil inner leg shape comparison. 
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basis it costs ~$0.6M more for the machining coil case. This is raore than 

offset by locating the peak field coll turns as much as 19 cm closer to the 

plasma which minimizes the field requireraents and major radius of the reac

tor. A preliminary cost evaluation based on STARFIRE indicates this can 

decrease the cost by as much as $50 M (3). 

5.3.1.3 Coil Shape 

Conventional TF coil designs utilize a pure tension shape per Moses and 

Young's criteria (12) using a straight center post. As a result the total 

stored energy In the EF coll system is very dependent on the outer TF coil 

radius because every 1 ra change In radius increases the coil height 

by — 2 m. This provides a great incentive for minimizing the outer leg 

radius. In STARFIRE this design approach resulted in the use of two blanket 

sectors per TF coll and complicated the maintenance operations. 

The DEMO design utilizes a modified coil shape as proposed by the UWMAK 

II design (4). DEMO utilizes a non-straight center post and a modified pure 

tension shape so that a shorter magnet can be used. The conventional coil 

shape and DEMO modified shape are shown in Figure 5-8. A resulting 1.43 m 

decrease in total height occurs. The shape was selected by plotting a series 

of pure tension shapes with a given R2 needed for blanket access. After 

layout of the options it was found that the 5.46 m half height design could be 

used and still permit sector installation and removal. The inner leg shape 

was then modified by deviating from the pure tension shape on the inner leg. 

To reduce in-plane bending stresses as as result of this modification, the 

center post was brought out to the point where the deviation was started. 

Ibis allows the center post to pick up any loads that would be Imposed in the 

coil case by deviation from the pure tension shape. The benefits of shorten

ing the TF coil height include a reduction in reactor building height and 

reduction in EF coil stored energy. 

Reduction of each 1 m in building height saves approxiraately 500 m3 in 

reactor building volume (Based on STARFIRE); this represents -$3M in cost 

savings alone. Additionally savings in stored energy costs are approximately 

$3 M/GJ (5). 
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OF SHAPE D E V I A T I O N 
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C O N V E N T I O N A L COIL SHAPE 

SELECTED COIL SHAPE 

CONVENTIONAL SHAPE 

Fig. 5-8. TF coll shape options. 



A survey of EF stored energy was performed for several standard pure 

tension TF coil designs. Figure 5-9, and plotted as a function of the product 

of IL and R2 of the TF coll. This is shown in Figure 5-10. As Indicated a 

significant incentive exists for minimizing TF coil size. Tne outer leg size 

is fixed by access for maintenance but the height is not until it starts to 

interfere with the blanket/shield installation. Tlie resultant stored energy 

of ~4GJ is substantially less that the -14 GJ that would have been required 

for a pure tension shape. This represents -$30 M in cost savings. 

5.3.1.4 TF Coil Intracoil Support 

The DEMO intracoil support structure has been defined utilizing the 4°K 

cold support system of FED and INTOR. The out-of-plane loads were assumed to 

be approximately two times those of FED based on a ratio of the plasma cur

rents. The design criteria used was the smaller of 1/3 Fjy (ultimate 

strength) or 2/3 F^y (yield strength) at 4°K. For welded 316 LN steel this 

results in a design allowable stress of 372 mpa (54 ksi). It was assumed that 

82 percent of the overturning moment (10) was taken in the outer leg of the TF 

coil and fixed end beams calculations were performed. The design criteria and 

a structural deflection limit of one cm were used to define the beam cross 

section required. The design and cross section is shown in Figure 5-11. Tne 

trapezoidal shape of the outer leg was selected because it provided maximum 

access for blanket and shielded installation. Tne equivalent cross section 

makes a transition to the basic cold case shell where it rests against the 

center post. 

The intracoil beam (see Figure 5-4) was sized to give approximately the 

same moment of inertia as the outer TF coil leg and found to require a 1.2 m X 

1.8 m solid area. This size was then replaced with a more practical built up 

grid of structural elements. The grid eleraents are compared to the solid beam 

In Figure 5-11. The grid elements extend frora either side of the TF coll case 

and are pinned to adjacent coil structures through a dielectric clevis joint 

between colls (see Figure 5-1). This joint permits removal and replaceraent of 

any TF coil without cutting and welding the basic structure. The outer EF 

coil is supported frora a structural tray which serves as a cap member for the 

bending beam intracoil structure. 
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Fig. 5-9. EF coil location as a function of TF coil outer radius. 
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M A T E R I A L : WELDED 316 LN STAINLESS STEEL 

F,„ - 161 KSI, F,„ = 100 KSI •"tu •^tv • 

ALLOWABLE STRESS: SMALLEST OF 1/3 F,u OR 2/3 F,y = 54 KSI 

OUT OF PLANE LOAD: FED " 11.5 (106l LB 

DEMO = 2 X FED = 23 (106| LB 

ASSUME 82% CARRIED IN OUTER LEG 
(1.9 X 107 LBI 

M A X I M U M DEFLECTION: 1 ci 

n I II II 

SOLID AREA 

GRID 
ELEMENTS 

\ 1.9 m I 

A - A 

TYPICAL COLD CASE 

INTRACOIL STRUCTURE COMPARED 

Fig. 5-11. TF coil anti-torque structures design criteria. 



The preliminary sizing work is felt to establish feasibility of this 

concept based on the substantial background provided by the FED and INTOR 

work. 

5.3.1.5 Vacuura Tank 

The TF, EF and OH colls are enclosed in a common vacuum tank which con

sists of a top panel, a lower enclosure and eight segments that are attached 

to the 4°K TF coll case. An isometric was shown in Figure 5-4. Local support 

struts are provided to isolate the room teraperature vacuura tank from the 4°K 

coll case. The common vacuura tank approach was selected to rainiraize the heat 

leak. Enclosing individual coils in separate vacuum tanks at the center post 

results in a large heat leak along the sidewalls. The use of 4°K intracoil 

support structure to react overturning loads requires a common vacuum tank at 

the top and bottom of the reactor. This vacuura tank can enclose the EF/OH 

colls without additional coraplexity. 

Each segment of the TF coil vacuum tank segment incorporates a welder/ 

cutter track that doubles as a structural support. This is discussed in 

Section 5.5. The TF coil dewar dome is designed as a flat panel grid struc

ture to save in overall building height. Each 1 meter In height is equivalent 

to "'$3M in savings on the building cost. The atraospheric loads are supported 

with local G-IO fiberglass support rods. The total atraospheric load on the 

dome is -300,000 kg of force which can be reacted through ~750 cm^ of G-IO 

fiberglass with a total heat leak of -3 watts through ~1 m long struts. This 

loss of 4°K cooling can be readily offset for less than the savings in build

ing costs. 

5.3.2 Poloidal Coil Systems 

The poloidal coll systems consist of the Equilibrium Field (EF) colls, 

the Ohmic Heating (OH) colls and Control Field (CF) coils. The EF coils 

provide the field which maintains the plasma at equilibrium with the desired 

shape, position and current profile. The OH coils are used to provide an 

Inductive voltage over several seconds to initiate a certain portion of the 

plasma current that is sustained with a current drive systera. These coils are 

all superconducting and are located outside to TF coll to avoid the need for 
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in-situ winding. The CF colls are located inside the TF colls. They are 

normal conducting coils that include segments to permit removal and replace

ment. Ihese coils are closer to the plasma so they can respond to plasma 

motion more quickly and without the excessive power demands that would be 

required of the EF coll system. The CF coll design has been taken from 

STARFIRE (5). 

EF Coils - The analyses utilized the least squares method for fitting to 

the external field that is required for MHD equilibrium and for minimizing the 

EF coil stored energy. The EF colls were designed to be located "l m away 

from the TF coils and outside of the shaded areas in Figure 5-12 which repre

sent the access requirement of blanket sector installation, the vacuum duct 

and the center-post. The ~1 m gap between TF and EF colls has been shown (11) 

to reduce the overturning moments significantly. Independent of the locations 

of the other coils, the outboard coll leads to lower stored energy if it is 

closer to the midplane than access permits. The difference between the points 

labeled s and u corresponds to ~1 GJ. The use of the large inboard coil helps 

offset the energy requirements of locating the outboard coils above and below 

the access envelope. If necessary a design could be obtained, however, with 

no inboard EF coils. The coils in the upper corner are not sensitive as to 

their placement, but only to the rough net current near this location. 

Replacing them by a single coll costs ~.2 GJ, however. 

OH Colls 

The analyses utilized the least squares method to create a zero field 

Inside the plasma to provide 17 volt-seconds and to rainiraize the stored 

energy. The 17 volt-seconds is provided to help bring the plasraa current 

to -1 MA. The inboard coils were made the sarae thickness as the inboard EF 

coll. More volt-seconds would require a more vertically elongated coil. The 

position of the upper coll is somewhat flexible. It was placed beside the 

upper EF coil for convenience. (It could not be as low as the next lower EF 

coll.) 

lhe OH system would be charged and run to zero field, then turned off. 

For this reason the EF and OH systems were not decoupled. They could be 
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designed to be decoupled while the OH coll is on. Recent indications frora 

TFTR are, however, that the voltage problems can be handled via a control 

systera. 

The coll locations and sizes are shown in Tkble 5-3. These locations are 

shown in Figure 5-12. A summary of the system parameters is given In Table 

5-4. Plots of the resulting field are shown in Figure 5-13. These fields 

were used for determining the overturning forces on the TF coil. 

5.3.3 (Xit-of-Plane Forces and Overturning Moments 

The support of a TF coil system against out-of-plane forces from the 

poloidal field (PF) colls is one of the most serious problems encountered in a 

tokamak reactor design. It has caused great problems in the INTOR and FED 

design studies, particularly because of fatigue problems in those two reac

tors, which are designed for a lifetime of order one million pulses. Similar 

considerations arise in the DEMO design although steady state operation mini

mizes the concern. The overturning moment on each DEMO TF coil, frora the PF 

coils, is calculated to be 805 MN-m. Table 5-5 compares the overturning 

moments of several recent reactor designs. Note that the DEMO numbers are 

small only in comparison with the other studies. 

% 

Table 5-5. Comparison of Overturning Moments 

Reactor Design 

DEMO 
FED 

STARFIRE 

WILDCAT (DD) 

Figure 5-14 shows the distribution of bending moment along the TF coil 

circumference. It can be seen that most of the moment is contributed by the 

ipper (and lower) portion of the coll, and that the smaller moments acting on 

the inner and outer legs cancel only a small fraction (18%) of the moment. 
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Table 5-3. DEMO EF and OH Coil Locations 

R Z a I 
As Circular Coils No. (m) (m) (m) (mA) 

lA 

IB 

2 

3 

4 

5A 

5B 

5C 

6 

1.00 

1.00 

2 .00 

4 . 0 0 

1 1 . 5 0 

1.00 

1.00 

1.00 

3 .56 

0 . 3 0 

0 .90 

4 .82 

6 .32 

4 . 4 0 

1.50 

2 .10 

2 . 7 0 

6 .32 

.339 

.339 

. 401 

.296 

.382 

.339 

.339 

.339 

- 6 . 3 4 

-6 .34 

8.91 

4.34 

-8 .06 

-6 .34 

- 6 . 3 4 

- 6 . 3 4 

- 3 . 2 6 

R Z AR AZ I 
As Square Coils No. (m) (ra) (m) (m) (mA) 

1 

2 

3 

4 

5 

6 

1.00 

2 .00 

4 . 0 0 

1 1 . 5 0 

1.00 

3 .56 

0 . 6 0 

4 . 8 2 

6 .32 

4 . 4 0 

2 .10 

6 .32 

0 .60 

0 . 7 1 

0 .52 

0 . 6 8 

0 . 6 0 

0 .36 

1.20 

0 . 7 1 

0 .52 

0 . 6 8 

1.80 

0 .52 

-12 .67 

8.91 

4.34 

- 8 . 0 6 

-19 .00 

- 3 . 2 6 
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Table 5-4. System Parameters 

System 
Stored Energy 

(GJ) 
Current 
(MAT) 

Volume* 
(M3) 

Volt-Sec 
to Plasma 
(V-S) 

EF 4.78 68.9 102.0 -42.3 

OH 0.57 44.5 21.9 -17.0 

Plasma 0.43 9.0 

2 
*Current Density "x- 17.6 MA/m 

Inductive Volt-Sec to Initiate Current: -95.6 

EF-OH Energy (1/2 M^^^^^ 1^^ I^p): -0.047 GJ * 

EF-Plasma Energy (.1/2'H^^ p 1̂ ,̂  Ip): -0.19 GJ 

OH-Plasma Energy (1/2 M̂ ^̂  p Î ^̂  Ip): -0.76 GJ 
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13a. EF field. 13b. OH field. 

Fig. 5-13. Magnetic field plots. 



13c. Plasma field. 

Fig. 5-13. Magnetic fie 

13d. Total field (excluding OH). 

Id plots (continued). 
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5.3.4 First Wall/Blanket/Shield Configuration 

lhe first wall/blanket/shield (FW/B/S) design has been selected based on 

the perceived needs of a commercial reactor. It is believed that a configura

tion that gives every possible advantage to remote maintenance is required if 

DEMO is to achieve a 50 percent availability. Furthermore, it is believed 

that if a commercial reactor is to achieve a -70 percent availability all 

forthcoming reactors raust utilize reactor revelant configurations so the 

normal evolution of desirable maintenance features, maintenance equipment and 

component reliabilities can occur. This evolutionary process will lead to 

improved access, new machines, addition of redundancy and addition of design 

margins to specific areas of the reactor and plant design. Detailed design of 

the blanket interior is discussed in Chapter 4. 

The design philosophy that has been adopted for the first wall/blanket/ 

shield is as listed below: 

0 Remove and replace coolant joints outside the vacuura boundary 

o Flat seals (planar) 

o Mechanical seals for scheduled replacement items 

o Weld seals for life-of-plant components. 

It is generally accepted that sector removal of the FW/B/S is superior to 

in-situ repair (6). The logic is that removal and replacement of large sec

tors can be done more rapidly and with simplier maintenance equipment than 

with in-situ maintenance. With in-situ maintenance, many more maintenance 

operations must be performed before the plant can be restarted. With sector-

removal, repair can be made in the hot cell while the plant is operating. 

Secondly, the hot cell repair will provide greater access and more elaborate 

maintenance equipment. The limiter and current drive antenna can be removed 

without removing the blanket sector. 

The blanket and shield are raade in sectors; however, raost of the shield 

remains in place during blanket removal to minimize the weight of the removed 

sector and to minimize the shield gap size that would be required for rapid 

replacement. The shield door is attached to the blanket sector (Figure 5-3) 

and is removed as an integral part. Blanket modules are replaced in the 
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shield door structure in the hot cell. The shield sector (Figure 5-4) incor

porates frames at either side of the blanket access opening to provide a 

continuous seal flange surface. 

Vertical structural support of the blanket and shield is provided by the 

vacuum duct shielding. Lateral support for seismic events is provided by the 

bridge panel from the floor to the shield. 

All coolant line disconnects have been located outside the plasma vacuum 

boundary to avoid the need for leak-free pressurized coolant ducts. Welded 

leak-free joints inside the vacuura charaber have the disadvantages of 

(1) contamination during weld preparation and welding and of requiring reweld-

ing of Irradiated material to virgin material during replacement; (2) welded 

joints require more time for replaceraent than mechanized joints. Leak-free 

mechanical joints for a pressurized coolant inside a vacuum are even more 

difficult to achieve than atmosphere to vacuura. The only vacuum tight discon

nects that are normally opened for maintenance are atmosphere-to-vacuum at the 

vacuum pumps and valves, current drive antenna, limiter, sector door and 

fueling raechanism. 

Mechanical seals have been selected for all scheduled replaceraent 

items. An ethylene-propylene elastomer seal has been chosen for all mechani

cal seals based on STARFIRE (5). Table 5-5 shows a comparison of the options 

including welded seals. All raechanlcal seals have been kept in a single plane 

to minimize the difficulties of providing a uniform clampup force on the seal 

and minimizing tolerance requireraents between mating parts. 

An advantage of the elastomer seal is the ease of obtaining an initial 

seal; however, it has two limitations; bakeout temperature, and radiation 

daraage resistance. Bakeout temperature requireraents of ~150°C are considered 

the most serious limitation in DEMO. Because of Its developmental nature, 

DEMO is expected to have many outages and require frequent breech of the 

vacuum. As a result, a system which can be baked to modest temperatures is 

desirable to minimize start-up time. Currently, it is planned to provide 

bakeout to the systera while actively cooling the elastomer seal flange. 
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Table 5-6. Sealing Methods 

Elastomer 

Metal 

Welded 

Repeatiblllty 

Many t imes 

1-2 times 

5-10 times 

Rad. Damage 
Limit 

Least 
(a, 108 rad.) 

> 10^° rad. 

Greatest 
(> lOlO rad.) 

Ease of Sealing 

Most repeatable 

Requires careful 
surface finish and 
clampup 

Requires closely 
controlled weld prep. 

Bakeout 

% 150°C 

> SOO^C 

^ 400°C 

Durability 

Least 

Least 

Greatest 



Potentially glow discharge cleaning offers an alternative to heating and 

should be considered further. Elastomers are susceptible to radiation daraage 

but STARFIRE neutronics calculations (7) have shown that doses can be main

tained at acceptable levels when seals are located outside of the shield. The 

low partial pressures of tritium are not expected to seriously degrade the 

seals (8). Seals in DEMO are located at the shield exterior and also have 

acceptable radiation levels. High frequency 35 GHz microwaves have also been 

shown to cause excessive heating in elastomer seals in EBT-S (9). The REB 

launchers or the 32 MHZ fast wave current antennas do not pose this problem. 

Metal seals are acceptable from all standpoints except they are generally 

very susceptible to physical damage (e.g. scratches), and require extrerae care 

to effect a seal repeatability. 

Welded seals have been selected for all life-of-plant components. These 

coraponents are those where replacement capability is provided but where 

replaceraent is not planned unless they fail. Welded seals offer the advantage 

of radiation resistance and reliability once they have been made and veri

fied. In event replacement is required, more time can be allocated for remak

ing these seals. All shield sector seal welds have been made in a single 

plane. Triple point seal welds have been avoided in replacement of shield 

sectors. These occur when a weld must cross or butt to another weld. These 

welds create close fit up requirements, permit little motion, and require 

welding around square corners. 

Selection of Nuraber of Sectors 

Three primary options considered in selecting the number of sectors and 

method of removing the large sectors are shown schematically in Figure 5-15. 

Option A requires use of one sector per TF coll and has been used in FED and 

INTOR and has been selected for use in DEMO. Option B was used in the 

STARFIRE design. With option C composite sectors consisting of the blanket 

sector and outboard shielding are used. This design requires one sector be 

located under the TF coil and one sector between TF coils which increases the 

difficulty of sealing between sectors. 
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NUMBER OF LARGE REMOVABLE PARTS 

NUMBER OF CONNECTIONS/TF COIL 
L IMITER 
SHIELD 
B L A N K E T (COOLANT 8. TR IT IUM PURGEI 
VACUUM BOUNDARY SEALS 

R E M O V A L DIRECTION 

TF COIL OUTER LEG RADIUS 

LIMITER REPLACEMENT 

STORED ENERGY 

14 
6 (BKT MODULE! 
2 
4 
2 

R A D I A L 

~ 11.6 m 

I N D B f E N D E N T 

5 GJ MODIF IEDPURE 

TENSION TF 

~ 30 
4 
2 

8 
16 ( INCLUDES 14 CONNEC. PENE.I 

R A D I A L + TRANSLAT ION 

~ 9 . 5 m 

AFTER SECTOR R E M O V A L 

2-3 GJ 

C. T W O / T F -

~ 28 
12 

4 
8 
4 

R A D I A L + T R A N S L A T I O N 

~ 9.5 m 

SEQUENCED L IMITER 

R E M O V A L 

•REQUIRES TRIPLE 
POINT SEALS WHICH 
MAY BE U N R E L I A B L E 
AND T A K E A DISPRO
PORTIONATE AMOUNT 
OF T IME TO REPLACE 

Fig. 5-15. One blanket sector per TF coil is preferred. 



Oir coraparison will develop the rationale for selecting Option A over the 

other two concepts. The three key assumptions in the rationale are as fol

lows. First it is believed that sector weight and size (within a factor of 

two) will have little Impact on the time required for coraponent removal/ 

replacement. Second it is believed that the nuraber of connections made to 

reactor components will directly affect the time required for replacement. 

Third, the failure rates of the first wall and liraiters are expected to be the 

same regardless of the number of components but the failure rate of connec

tions and maintenance equipment is not. 

The STARFIRE concept (Column B) was derived because of the perceived 

impact of stored energy on the overall system. STARFIRE utilized a "pure-

tension" magnet per the Moses and Young criteria (12) and resulted in very 

tall magnets for an outer leg radius large enough to replace a single sector/ 

TF coil. DEMO has decreased the TF coil height by modifying the TF coil shape 

(see paragraph 5.3.1.3) and minimized the amount of stored energy. 

The third option shown in Column C is deemed feasible only if a triple 

point seal can be used. A radial view looking in at adjacent sectors is shown 

in Figure 5-16. TWo things are evident. The limiter cannot be removed from 

the sector under the TF coll without removing the other limiter and numerous 

triple point seals are required. Triple point seals require very close fit up 

during installation and can likely be accomplished only by welding. The 

problems of developing a triple point seal weld are expected to be diffi

cult. As a result, this option was not pursued. 

A comparison of the changeout times and failure rates for the three 

options are given in Ikble 5-7. The number of steps required in sector change 

out is a minimum for the one sector per TF coil, and it requires ~ 1/2 as long 

for replacement as the other two options. A comparison of the relative fail

ure rates is raade by assigning failure rates of Y and Z to coraponents used in 

concept A. The total failure rate of concept A is taken as X. If the failure 

rate is dominated by the wall or components such as the limiter, then the 

overall failure rate of the alternative .approaches will bo equal. If, how

ever, the failures are dorainated by connections or replaceraent equipment then 
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TRIPLE POINT SEAL 

Fig. 5-16. Two sector per TF coil option 
with triple point seals. 
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Table 5-7. Blanket Removal Changeout Steps 
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concept B and C can have a failure rate two times as large as concept A. The 

true failure rate is likely to be somewhere in between. 

Based on the above. It is clear that one sector per TF coll offers clear 

advantages over two sectors per TF coil. The penalties in stored energy of 

the larger TF coil leg radius do not appear to overwhelm the choice so it is 

recommended that the DEMO utilize one sector per TF coll. Addition of a 

divertor would require an increase in the stored energy and needs further 

assessment. 

Dielectric Break Design 

The dielectric break in the shield is formed at the outer surface of the 

shield where the radiation dose level is anticipated to be <10° RADS based on 

the STARFIRE (7) analysis. It is expected that the dielectric break will be 

fabricated as a permanent part of the shield sector, last the life-of-the-

plant and be subjected to bakeout heat loads only. The dielectric break 

design is shown In Figure 5-17. It consists of dual raetal spring seals that 

are coated with polyimlde (*). lhe concentric seals provide the dielectric 

break and vacuum wall. The seal is bakeable to ~ 300°C and seals raore readily 

than a bare raetal seal. It also permits the polyimlde to flow somewhat with

out loss of sealing. The design also incorporates intermediate vacuum pumping 

so it is tolerant of some leakage. 

Vacuum Boundary Location 

Primary options considered for the plasma chamber vacuum boundary were 

locations at the shield and at the interior surface of the TF coil vacuum 

tank. Both concepts are shown in Figure 5-18. Key considerations in the 

comparison are given in Table 5-8. 

An advantage of combining the TF coll common vacuura tank with the plasma 

chamber vacuum boundary is that it can potentially simplify the reactor design 

by eliminating the need for seals and dielectric breaks between shield sectors 

(*) MDAC proprietary. 
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METAL SPRING SEAL 

2 M I L P 0 L Y I M I D E 
COATING 

INTERMEDIATE PUMPING 
VACUUM DUCT 

TOWARD PLASMA 

Fig. 5-17. Dielectric break design. 



STRUCTURAL SEAL SURFACE 

VACUUM BOUNDARY 

A T T F COIL DEWAR 

VACUUM BOUNDARY 

A T SHIELD INTERIOR 

Fig. 5-18. Vacuum boundary location options. 



Table 5-8. Vacuum Boundary Location Options 

Pumped Volume 

Exposed Surface Area 

Bakeout 

Leakage-In Door 

Leakage-In Other Areas 

Segment Joints 

Trim Coil Operation 

TF Coil Replacement 

At TF Coil 

'\' 1100 m^ 

T, 4400 m 

< 150°C Glow Discharge 
Only 

Forced Outage 

Continued Operation 

Intersector Contactor 
Vacuum Gap 

Potential for Arcing 

Severely Complicates 
Removal 

At Shield Interior 

'V 300 ra'' 

a, 1500 m^ 

'V 300°C Heating by 
Coolant 

Forced Outage 

Forced Outage 

Intersector Contactor 
Dielectric Break or 

Resistance Control 

Operation in Air 

No Impact 

5-42 



and can permit limited operation with a leak between the TF coil and plasma 

charaber volumes. The wall between the TF coil and plasma chamber volumes is 

required to avoid the need for TF coll warm up when the plasma volume is 

opened. 

Disadvantages of the coramon TF coil vacuum tank and plasma chamber wall 

are a severe complication in the TF coil replacement process, increased volume 

and surface areas, and complications in the bakeout process. An added compli

cation is the potential for arcing of the control coils that vmuld be located 

in the vacuura. 

Reraoval of a TF coil will require cutting the vacuum tank. A method for 

accomplishing this is discussed in paragraph 5.5. Addition of a seal flange 

to the area between TF colls would require that a several centiraeter thick 

structural sealing surface member be cut and rewelded remotely in replacing a 

TF coll. Although this may be feasible, no concepts for readily accomplishing 

it are apparent. 

A coramon TF coil and plasraa chamber wall would also complicate the bake-

out process by limiting the amount of heat that could be put into the struc

ture without creating excessive thermal stresses in^the transition to unheated 

areas of the top and bottom of the reactor. If the problems of TF coil 

replacement and chamber bakeout can be overcome, this option is attractive 

since it also eliminates the need for a vacuura tight dielectric break in the 

shield. 

DEHO has chosen to leave the vacuura boundary at the shield; however, 

further consideration is planned. 

Intrasector Connector 

The use of individually replaceable blanket sectors may require a con

ducting shell near the first wall. This shell provides stabilization to the 

plasraa by permitting image currents to be created by any plasma motion and 

reduces the demands on the control (CF) coll systera. The Intrasector connec

tor must be located near the plasma to reduce the electromagnetic forces that 
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are generated on the blanket walls as the currents flow radially to the con

nectors and to prevent arcing. Additionally these connectors raust be capable 

of carrying the full plasma current during a disruption until it decays in the 

blanket. An additional desireable feature of this systera is that it be 

switchable so that it can be left open during reactor OH coil heating. 

Investigation for FED (13) disclosed several connector options. Of these 

three are selected for consideration here. The concepts are shown in Figure 

5-19. Each must permit ~lcra of change in the gaps between blanket sectors due 

to thermal growth. 

Any of the three options are acceptable to DEMO. Uncertalnitles in the 

design include the current-carrying capacity of the contacts in vacuura and the 

contact pressures required to avoid contact welding. Options such as 

sacrificial carbon arc pads were not considered in DEMO because of the volumes 

of material that would be vaporized and the uncertainty of where the arc would 

strike. 

5.4 Vacuura Pumping Systeiii 

The vacuura puraping system consists of eight cryosorption pumps located in 

tlie reactor building baseraent. Six of these puiups operate continuously while 

the other two are regenerated. Each purap can be isolated from the plasraa 

chamber by use of a gate valve. Redundant gate valves are provided so opera

tion can continue after a single valve failure. 

Liquid pool cryopumps are seen as the best choice for the DEMO reactor. 

TWo advantages of such pumps are their very high puraping speeds and their 

cleanliness. Capture probabilities for helium as high as 0.2 have already 

been achieved, and there remains potential for improvement. Possible pathways 

by which hydrocarbons or other contaminants could reach the plasma are elimi

nated, since such cryopumps have no working fluids or moveable parts. They 

are reliable and low cost. The thermal shielding they require does not pre

sent a raajor obstacle and they are compatible with the magnetic fusion envi

ronment. Although they require regeneration, this process can be combined 

with fuel gas recovery operations. 
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MERCURY FOR MOVING CONTACT 

(m 
PRESSURIZED COOLANT FOR 

ACTUATION 

f-il/wv^ \sm\ 

"IT 

PRESSURE ACTUATED CONTACT 

MOLY SPRING TO GIVE IN IT IAL CONTACT 

^ ^ LOCAL WEDGE TO PUSH CONTACT ASSY 

y \ INTO ADJACENT SLOT 

BRAIDED CABLE 

ELECTROMAGNETIC ACTUATED CONTACT 

PRESSURIZED COOLANT FOR ACTUATION 

COUNTER WOUND NESTED COIL SPRINGS 
FOR CURRENT CARRYING CAPACITY. 
SPRINGS ALSO RETRACT CONTACT 
WHEN PRESSURE IS RELIEVED 

FED REFERENCE DESIGN 

Fig. 5-19. Intersector connector. 
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The required puraping speed of the systera is 3.2 x 10'" atoras/sec of 

helium and 4 x 10^^ raolecules/sec of deuterium and tritium (see Chapter 3). 

This fas load Is compatible with the use of cryosorption pumps. 

The oases are puraped through a limiter slot, through the blanket, into a 

plenum and then into circular ducts to the pump as shown in Figure 20. The 

total conductance of the liraiter slots is 8.2 x 10^ Jt/sec. The slot extends 

frora the leading edge of the limiter to the liraiter stem where incoming parti

cles irapact the surface. The rest of the vacuum pumping system frora the 

liraiter stem through the vacuum pump has a conductance of 1.4 x 10^ A/sec if 

eight pumps are operating and a conductance of 1.1 x 10-* X/sec if six pumps 

are in operation. As a result the ratio of systera conductance to slot conduc

tance (Y) is: 

8 pumps operating: y ~ 5.8 

6 pumps operating: y = 1,b 

5.4.1 Vacuum Purap Location 

The vacuura puraps were located in the reactor building basement where they 

could be maintained Independent of the basic reactor. For conductance 

improvement it was desired to locate the puraps as close to the plasma as 

possible. Mechanical constraints imposed by the TF coils limit the pumps 

to ~ 3.5m below the blanket as shown in Figure 5-20. 

The nuclear heating rates in the cryosorption purap was determined 

utilizing the work of Fisher and Watson (14). They show a critical surface 
—2 2 

heat load of 2.3 x 10 watts on a 320 cm cryo panel. For an equivalent 

panel of 0.3 cm thickness this corresponds to 2.2 x 10"^ w/cm-'. A margin of 

safety of 2 should be included on this design and therefore a heating rate 

of "- 4 X 10""̂  w/cm is deemed acceptable. 

Scaling of the STARFIRE nuclear heating rates (7) Indicates that this 

heating rate will occur when the pump is approxiraately 5.5m frora the inside of 

this shield without bends in the duct. A single bend was put in the duct to 

prevent the pump from requiring a deeper reactor building basement. Hie bend 
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Fig. 5-20. Vacuum pumping system. 



also reduces the nuclear heating by approximately a factor of ten (7). The 

— 5 3 
anticipated heating rate in the pump is expected to be < 10 w/cm . 

Purap locations at the top and side of the reactor were considered prior 

to selection of the basement location. Pumps on the side of the reactor 

provide direct access by maintenance equipment but raust be removed for blanket 

replacement and may interfere with movement of other maintenance equipment. 

Pumps at the top of the reactor provide a maximum access for maintenance but 

Interfere with simultaneous maintenance of other components. 

5.4.2 Conductance Analysis 

Slot Conductance - Each limiter slot has the form of a cylindrical annu

lus. To calculate its conductance, molecular flow was assumed. The slot was 

treated as equivalent to a tube of the same length but of rectangular cross 

section. The wide dimension a of this cross section is equal to the first 

wall circumference while the narrow dimension b is equal to the distance of 

the limiter from the first wall. 

The conductance of such a rectangular tube, under the restriction that 

a»b and that a » the length Z, is given by 

3.638 /l^" " 
where C is the conductance in liters/sec, a and b are in era, T is the absolute 

temperature of the gas at the inlet, and M is its molecular weight. In this 

expression the factor a is the probability that a given molecule which enters 

the inlet of the conductance will exit via its outlet, and all the other 

factors describe the rate at which molecules enter the inlet. It is important 

to note that this formula is based on the assuraption that the raolecular velo

cities at the inlet are randomly directed and have magnitudes in accordance 

with the temperature T. 

Values for the transmission probability a for the tube of rectangular 

cross section were obtained by linear interpolation from a table in Reference 
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15, which lists a as a function of the ratio 1/b of length to narrowest cross-

sectional dimension. Data from this table are shown graphically in Figure 

5-21. 

lhe validity of this procedure was checked by comparing its results with 

those of Monte Carlo calculations of the transmission probability for the 

conductance of the annular space between two concentric cylinders. These 

results are reported in Reference 16. The good agreement between the two sets 

of results Is shown in T^ble 5-9. Each of the Monte Carlo results in this 

table was obtained by treating 5000 individual molecules; the maximum standard 

deviation listed for these figures was 2.2% of the probability shown. 

The last row of figures in Table 5-9 corresponds to the dimensions perti

nent to the DEMO reactor; first wall radius 680 cm; limiter height 8 cm and 

length of limiter slot 35 era. The corresponding transmission probability 

obtained by Interpolation from the data of Reference 15 is a = .3843. The 

corresponding conductance predicted by the proceeding equation is 4.1 x 10^ 

liters/sec. if it is assumed that the gas temperature of the neutral atoms 

from the back surface of the limiter is 300°K. Since the limiter slots are 

equivalent to two such conductances, the total slot conductance is 8.2 x 10^ 

liters/sec for heliura. 

R„/R 

.9 

.9 

.9 

.75 

.988 

XiR 

.25 

.5 

.75 

.5 

.052 

«> 
Carlo 

Mont 
Rest 

Reference 

.488 

.351 

.279 

.541 

:e 
ilts 
(16) Ref 

a from 
erence 

.499 

.358 

.302 

.541 

.384 

(15) l/b 

2.5 
5 
7.5 
2 
4.4 

Table 5-9: Comparison of transmission probabilities predicted for a cylindrical 

annulus by Monte Carlo analysis to probabilities predicted for the 

rectangular tube corresponding to the "unwrapped" annulus by inter

polation from data of Figure 5-21. R^ = inner radius, R = outer 

radius, l = length, b = R-Rg. 
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REF: NASA sp 105 TABLE 5 6 (PAGE 981 

^oCr 

Fig. 5-21. Transmission probability of a rectangular duct. 
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Vacuum Sy.otara Conductance 

The vacuura systera conductance Is equal to the effective puraping speed at 

the back of the liraiter slot which is calculated frc.-a the previously mentioned 

equation, C = 3.638 / T/;' An, where A is the cross sectional area ot the 

limiter duct. Tie vacuura systera transraission probability c: is obtained by 

combining the pump capture probability in an appropriate way with the trans

mission probabilities of each ductwork eleraent between the pump and the back 

of the limiter slot. 

This procedure will be described with reference to Figure 5-20, which 

shows a cross-sectional view of the vacuum system. The first conductance 

encountered is the liraiter Juct. This conductance is approximated by a short 

duct of rectangular cross section. Hie wide cross-section dimension, equal to 

the circumference of the first wall, was taken as a = 27t x 6.3 = 42.73 

meters. The narrow cross-section dimension b was 15 centimeters. Tlie 

length a, frora point a to point c In Figure 5-20, equaled 1 meter. Since a 

was considerably larger than both i. and b, the transraission probability can be 

obtained frora the table in Reference 15 as described in the previous sec

tion. Tne transraission probability was found to be .32 for the limiter 

duct. Combined with the total inlet area of the two ducts, and again under 

the assuraption that the gas at the inlet is roora temperature heliura, this 

implies a total liraiter duct conductance of 1,300,(XI0 liters/second. 

lhe plenum region, from c to d in Figure 5-20, was also approximated as a 

tube of rectangular cross section. Again the wide cross section dimension a, 

corresponding to the inner circumference of the plenum and taken as approxi

mately 49 meters, was considerably larger than either the length 1 = 3 meters 

or the narrow cross section dimension b = 45 to 100 era. The value for a was 

taken as 0.39, leading to a conductance of 2.7 x 10^ liters/second under the 

assuraptions described above. 

From d to e in Figure 5-20 is a duct of round cross-section. Transmis

sion probabilities for round tubes are given as a function of length to dia

meter ratio by equation 3.109 of Reference 17. Taking the length as 480 cm 

and the diaraeter as one meter leads to a = .2. The corresponding conductance. 
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again under the assumption of room teraperature heliura at the Inlet, is 5.0 x 

10 liters/second for each duct. There are eight such ducts, one leading to 

each of the eight puraps. In a slrailar way, the conductance of the horizontal 

round tube attached to the purap inlet was found to be approximately 7,8 x 10 

liters/sec. 

Each purap Itself is characterized by a "capture probability" which is the 

probability that a molecule entering the pump inlet will be pumped rather than 

eventually move back, out the inlet. the puraping speed of the pump is related 

to its capture probability by the equation C = 3.638 JT/M Aa. Tor purposes of 

corabiniag the effects of the pump with upstream ductwork, the pump is equiva

lent to a conductance element having the same inlet area, having its down

stream end immersed in a perfect vacuura, and having conductance equal to the 

pumping speed. The pump capture probability was taken as 0.2 for helium, 

based on experience with cryopumps. Combined with a one meter inlet diameter, 

this led under the usual assuraptions to an equivalent conductance of 4.9 x 10^ 

liCers/second for each pump. 

After conductances are obtained for each element In the systera of Figure 

5-20, it is necessary to combine them in order to get an effective net conduc

tance or pumping speed for the system. The conductance of each pump was 

combined with that of the round tube connected to its inlet to produce an 

equivalent conductance using the approximation: 

_L- = A . + _L 1 
Q c c 
eq T p (3.638 /T/M" A) 

where C^ is the conductance of the tube and C is that of the pump. Hie final 

terra in this expression is a correction terra applicable when the two conduc

tances are on the same axis. T is the absolute temperature of the gas, M is 

its raolecular weight and A is the duct area. 

This equivalent conductance was multiplied by eight to account Cor the 

number of puraps, and the product conductance was combined with the conduc

tances of the plenum, Che round tubes from the nleuura, and the liraiLor ducts 

Chrougli successive applications of the equation: 
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_ i L + _L 
'̂ Total l̂ S 

For these cases the correction term is not used. The total conductance Ce of 

the entire vacuum system consisting of limiter ducts through pump was found to 

be 140,000 liters/second for the systera shown in Figure 5-20. A suraraary of 

the systera conductances is shown in Table 5-10. 

Resulting Conductance ratio y; discussion 

The conductance Cg of the limiter slots, 823 m^/sec, together with the 

conductance Cg of the vacuum systera found to be 140 m /sec, establishes the 

value of the conductance ratio y = C /C . For this case we obtain y = 5.9 

with 8 puraps operating and 7.6 with only 6 operating. 

The significant of y, as discussed in volume I of the STARFIRE report 

(5), is that together with the inversion probability, it determines the trans

mission probability for helium through the limiter slots and vacuura system. 

For a given value of the Inversion probability, as y decreases the transmis

sion probability Increases so that it is desirable to minimize y. 

The inversion probability describes the extent to which the liraiter slots 

are "one-way" conductances. This effect arises because molecules which have 

been neutralized at the back surface of the limiter and are on trajectories 

which would taken them back through the limiter slots to the plasraa stand a 

good chance of being ionized by incoming hot electrons. Once ionized, they 

are accelerated toward the back of the limiter slot. The Inversion probabil

ity expresses the statistical chance that this process will occur. 

Tne calculation of the inversion probability requires the solution of a 

neutral transport equation, together with models of the incoming plasma; see 

for example FEO^^'^^. This has not been done yet for DEMO; however, other 

designs such as FED have high, predicted Inversion probabilities. Because of 

the inversion process, the reraoval efficiency of the system is not calculated 

in the raanner usually employed for vacuum conductance problems. For exaraple, 

if the inversion probability is one, the removal efficiency is independent of 

the vacuura system design, since all molecules at the inlet of the vacuura 
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Table 5-10. Conductance Values for the Vacuum System 

Figure 20 
Item Conductance (l/sec) Reference Points 

Limiter Duct 1.3 x 10° a to c 

Plenum 2.7 x 10^ c to d 

Vertical Duct 5.0 x 10'̂  (each) d to e 

Horizontal Duct 7.8 x 10 (each) e to f 

Purap 4.9 X 10* (each) f to pump surfaces 

Total 

Limiter Slot 8.2 x 10^ i / s e c Plasraa to a 
It 



system (the back of the liinicer slot) will be removed frora tlie plasraa. The 

transraission probability of the entire system is then independent of the 

conductance ratio y, since it is already at its maximura value because of its 

dependence on the inversion probability. However, a complication with this 

type of systera is that the inversion process will probably only function for a 

gamma below sorae raaxiraura value; otherwise there Is too much neutral gas in the 

limiter slots which may overwhelm the ability of the incoming plasma to ionize 

and return the neutral heliura. The maximum value of gamma is design dependent 

and needs to be determined by detail plasma and vacuum system analyses of the 

limiter slot region. A ball park value of gamma equal to five has been 

assuraed for the present. 

Several approaches could lower the value for y if necessary. Lowering 

the slot conductance Cs in the numerator of the expression for y is probably 

the easiest possibility. This conductance scales with slot width (w) approxi-
9 

mately as Cg crw", i.e. a strong scaling, while particle flow to the slot 

scales weakly with w (see for exaraple, FED report^ ' ) . 

Tne other way to a lower y is to Increase the conductance of the vacuum 

systera, Cj^. This Includes shortening the ductwork between the back of the 

liraiter slots and the pump, or Increasing the size of the ductwork. More 

pumping can be applied by the use of improved puraps, or a greater number of 

puraps of the same type. In general, decreasing y by increasing its denomina

tor Cp tends to be a simple approach in that one is less likely to encounter 

complicated tradeoffs with helium reraoval rate requirements or inversion 

probability mechanisras. On the other hand, increasing C^ would seem to be a 

more expensive way to decrease y than decreasing Cg. 

Vacuum Hall Cleaning 

It will be necessary to clean all vacuura surfaces in DEMO prior to initi

ation of plasraa operation. Low level impurities residing on vacuura surfaces 

are desorbed during operation and degrade the plasma. Desorptlon may be 

thermally Induced or may be the result of Ion impingement. The level of 

desorbed gases can be reduced by careful cleaning of all surfaces during 

fabrication and installation and by careful operation after start-up. In-situ 
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cleaning methods raust however be employed. Those most commonly used are 

vacuum bakeout and glow discharge cleaning. Both processes will be used on 

DEMO. 

TWo cleaning scenarios are anticipated for DEMO. The first involves the 

cleaning processes during Instruction in preparation for start-up. The second 

scenario addresses the cleaning associated with up-Co-at-nosphere maintenance 

periods. 

Cleaning during construction is essential in ultra iiigh vacuura (UHV) 

facilities. Material selection and chemical cleaning processes will be care

fully controlled. Asserably will include coiamonly used UHV techniques includ

ing gloves, clean tools, clean room environment, etc. Wiien construction is 

complete and vacuura vessel is verified to be leak tight, the vacuum system 

will be pumped to below 1 x 10~° torr and in-situ cleaning will be initi

ated. The coolant for the first wall/blanket will be heated externally and 

circulated to raise the temperature of the first wall and blanket 

to ~300''C, providing a vacuum bakeout. It is anticipated that the temperature 

of the shield will reach ~100''c during this bakeout. To accelerate tiie 

removal of adsorbed gases, a concurrent glow discharge cleaning will be per

formed. A low power Taylor Discharge Cleaning (TDC) method has been success

fully employed (18) to reduce Impurity levels to Z^fj ~ 2.0. The discharge 

parameters will be the same as those proposed for STARFIRE (5), and should 

limit cleaning times Co 3 to 5 days. 

Another cleaning scenario Is that required after a major vacuum systera 

opening for maintenance. The .amount of time required for cleaning becomes 

quite critical, as It affects the reactor availability. After Che completion 

of maintenance and the vessel is verified to be leak tight, it will be puraped 

Co below 1 X 10" torr and the vacuum bakeout and glow discharge cleaning will 

be perlrorraed. The approach will be exactly as described above, except that 

the number of pulses can probably be reduced by a decade, since precautions 

will be taken to raaintain a known gaseous environraent throughout Che mainte

nance period. Based on STARFIKE, carbon dioxide would b.2 tlie backfill gas 

during maintenance; however Ics effect on cleaning tlrae has not been fully 
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investigated. Discharge cleaning with 10* to 10^ TDC pulses, and a choice of 

the proper backfill gas, is expected to result in a total cleaning time of 

approxiraately 1.5 days. 

Some aspects of the cleaning operation merit further investigation. The 

shield temperature will reach 100°C, which may not be sufficient for UHV 

cleaning. Normal bakeout temperatures are in the range of 250°C. The shield 

however will not be exposed to ion bombardment during operation and thus may 

not require cleanliness levels such as those on the first wall. Several 

surfaces, including parts of the blanket, the limiter slots, and the shield, 

will not be exposed to glow discharge cleaning. These sarae surfaces however 

will not experience ion Induced desorptlon and thus may not require stringent 

cleanliness. 

5.5 Maintenance 

The DEMO reactor is being developed for total remote maintenance. The 

remote maintenance approach was chosen because it will result in the minimum 

radiation dose to plant workers. The reactor building will be exposed to 

tritium by perraeation and releases during raaintenance. Some activation out

side the shield may also result from neutron streaming and spread of particu

late matter. Use of remote equipment will permit maintenance with a ralnlmal 

cool-down or clean-up period. In any event when the shield is opened person

nel access will not be possible. 

The design philosophy being followed is to maintain the radiation levels 

within the reactor building to < 2.5 rarem/hr within 24 hours after reactor 

shutdown if all the shielding is inplace; to design all components for com

plete remote maintenance, and to identify contact maintencance operations 

where personnel can safely be used with significant economic savings. When 

the blanket sectors are pulled frora the reactor no personnel can be in the 

reactor building; however, there raay be periods when personnel entry is 

possible. 

The 2.5 mrem/hr radiation criteria will limit the activated volumes of 

iiaterial in the reactor building and raay permit human access if tritium and 
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activation products can be controlled. The criteria should not be taken as 

assurance that contact maintenance can be performed over the life of the plant 

and designs should be developed accordingly. When the reactor is in place and 

operating, it may be possible to utilize personnel for sorae contact mainte

nance operations. 

All coraponents within the reactor building are replaceable. Some are 

replaced on a scheduled raaintenance basis while others are designed for life-

of-plant and are replaced only in the event of failure. Items designed for 

life-of-plant include the overhead crane, TF, EF and CF coils, coolant piping, 

reactor support structure and radiation shielding. These Items represent more 

than 90% of the reactor total weight. The blanket assembly. Impurity control 

coraponents, current driver, puraps, valves, fueling raechanism, power supplies, 

raaintenance equipment etc. are raaintained on a scheduled basis. Spares are 

provided for all scheduled maintenance components, so that as one part Is 

reraoved a pretested replaceraent is available and reactor operation can 

commence while repairs to the damaged components are being made. The spares 

for the superconducting EF colls trapped below the TF coils are stored in 

place so reactor disassembly is unnecessary in event of a failure. These 

colls are designed for life-of-plant but the consequence of their failure 

suggests in place spares are prudent. 

The number of different raaintenance operations planned in the reactor 

building are minimized by using a component "remove and replace" approach. 

This permits each raaintenance action to be preplanned and designed for use 

with simple push, pull types of operation. This approach increases the speed 

of raaintenance operations and simplifies raaintenance equipraent design require

ments. Once the damaged or end-of-llfe components are removed from the reac

tor chey are CransporCed Co a hot cell where raore tlrae Is available for 

checkout, repair or disposal. The hot cell will have extensive maintenance 

capability for testing, coraponent replaceraent, cutting, welding, machining, 

pinpoint leak location, and other repair. 

Redundancy is planned for reactor auxiliary subsystems to permit con

tinued operation of the plant until a scheduled raaintenance period or until 
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the component can be replaced in-service. The particular components where 

redundancy is planned will be defined as the design progresses; however, 

candidate systems include redundant power supplies, vacuum pumps, current 

drivers, some valves, pumps and fueling mechanisras. 

Availability goals have been established as 50 percent for extended 

periods of operation. The DEMO design raust be developed around features which 

enhance maintence if this goal is to be met. 

Maintenance Features 

The design is being developed to keep the top and sides of the reactor 

clear for access by maintenance equipraent. Coraponents are also being combined 

where practical to mlniraize the number of assemblies and improve access. For 

example, the shield duct around the vacuum duct provides support for the 

blanket and shield system and the shield door is combined with the blanket 

sector. 

The blanket is replaceable as a 1/8 sector of the torus. Each blanket 

sector incorporates an integral first wall, liraiter and current drive 

antenna. The limiter and current drive antennas can be removed independently 

of the blanket. The life goals for limiter and antenna are 4 years and the 

blanket life goal is 8 years. The coolant is manifolded and valved so that 

individual replaceable components can be valved off for leak isolation. All 

lines to the blanket, limiter and current drive antenna utilize mechanical 

disconnects. Coolant leaks will be detected by sequentially reducing the 

pressure in Individual coraponents and monitoring the change of the partial 

pressure of coolant in the plasma chamber with a gas analyzer. This technique 

requires valves that isolate individual components from their coolant loop. 

Detection of vacuura seal leaks to the vacuura charaber will be accomplished by 

injecting heliura in to a cavity between dual seals. 

The shield is designed to last the life-of-plant and will be replaced 

only in event of unscheduled failures. A shield door is provided as a part of 

each blanket sector. lhe door is sealed with redundant seals that are 

shielded locally to reduce the radiation daraage. lhe seals are replaced each 
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time the door is opened. The basic shield consists of sectors welded together 

to form the vacuum boundary. Cutting and rewelding the poloidal seals Is 

required if shield sector replacement is required. 

The TF coils are also life-of-plant components. They utilize a common 

welded dewar in the center post region. Weld tracks are provided to permit 

coll replacement. 

The EF and CF colls are also life-of-plant. CF coils are inside the TF 

coil and are segmented to permit removal. The external EF coils are super

conducting. Those on the top and sides of the reactor can be removed for 

replaceraent. Spare EF coils are provided for those trapped below the TF 

coils. In event of failure, the failed coll is cut out and the spare raised 

into position. 

The vacuura system utilizes redundancy to improve and minimize the effects 

of failures. Eight compound cryo puraps with isolation valves are provided. 

Six are required for operation. More puraps raay need to be added If the trit

ium Inventory becomes excessive. External valves and pumps leading to the 

tritium processing system utilize redundancy. 

The power supplies are assumed redundant and include a replacement 

capability during operation. The power supply systems are located outside the 

primary confinement building and can be repaired during plant operation. 

Failed redundant heat transport system conponents, with exception of a 

few in-line valves, can be replaced during reactor operation using remote/ 

hands-on maintenance equipment. 

Blanket and Coraponent Replacement 

Blanket and shield sector replaceraent will utilize the rail mounted 

approach selected for STARFIRE so Chat an accurate reference point is avail

able for raaintenance operations. A cross section showing the maintenance 

equipraent for removal of these sectors Is shown in Figure 5-22. 
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Fig. 5-22. Removal of blanket/shield sector. 



The replacement sequence would be as follows: 

1. Discharge TF coils 

2. Drain or purge fluid lines 

3. Move multipurpose manipulator Into place 

4. Disconnect and remove limiter module fluid lines 

2-llraiter coolant 

2-blanket module coolant 

2-trltium purge 

5. Disconnect and remove current drive antenna leads 

6. Disconnect and remove 2 door cooling lines 

7. Disconnect and reraove blanket sector fluid lines (2-coolant, 

2-tritium purge) 

8. Remove multipurpose manipulator 

9. Move blanket sector removal machine into place 

10. Unlatch sector door 

11. Remove blanket sector 

12. Reverse Steps 1 to 10 

13. Bakeout chamber 

14. Restart plasraa 

It is anticipated that the above operation can be accoraplished in approx

imately 1 1/2 weeks. The most time-consuming aspect of this operation is 

expected to be reraoval and replaceraent of fluid lines. It Is assumed that 

mechanically operated joints will be available for this operation where either 

a built in actuator or a single drive point is utilized. Self aligning guide 

pins will be essential for line reinstallation. A multipurpose manipulator 

which incorporates a storage rack for reraoval cooling lines Is used for this 

task. 

Replaceraent of a limiter module or current drive antenna is expected to 

require only 1 or 2 days less than the time for replacement of the blanket 

sectors since all of the same basic steps are required. 
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Vacuura Purap Replaceraent 

lhe vacuum pumps and values are located In the reactor basement and can 

be replaced independently of the blanket components. A separate maintenance 

cart Is provided for pump replacement and a catacomb Is located in the base

ment to permit access to all 8 pumps. 

TF Coil Replacement 

Coil removal requires the vacuum tank top panel to be removed, magnet 

leads disconnected, structural attachments disconnected, blanket and shield 

removal, cutting the vacuum tank welds and separating the 4°K structure. The 

two major problems that dominate remote TF coil replacement are (1) cutting 

and rewelding the coramon vacuum tank and (2) disconnecting the 4°K structure 

between TF coils. 

Cutting and rewelding the common vacuum tank requires that a welder track 

be built-in and that assembly tolerances be acceptable. The DEMO design is 

shown in Figure 5-23. IVo 10 cm high welder tracks are permanently attached 

to the vacuum tank at each joint. These rails have steps to prevent neutron 

streaming. TWo seal welds are used between each TF coll so that tracer gas 

can be injected for leak detection. Tne two weld tracks are then held 

together by segmented structural claraps that keep the pressure loads out of 

the seal weld. Varying width clamps are provided to overcorae tolerance build 

up during reassembly. lhe structural claraps also provide the rigidity 

required for rewelding. Clamps can be removed and relocated behind the welder 

periodically to maintain track position. In the inner shield area this clamp 

will be near continuous to provide shielding. 

Although a detailed study has not been made yet, it is believed that a 

system of this type is required before remote TF coil replacement is feasi

ble. It would surely decrease the time required for reraote coil replacement 

by 1 to 2 months as compared with attempting to remotely Install a similar 

track that has sufficient rigidity. 
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Fig. 5-23. TF coil welded dewar. 
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APPENDIX D 

STARFIRE/DEMO WORKSHOP 

Recommendations 

I. DEMO Objectives and Basic Parameters 

A. Role of DEMO in the Fusion Program 

The design teara views the DEMO as the device which follows the FED and 

assumes the present concept definition of the FED for the purpose of defining 

the DEMO. The working group agreed that this was a reasonable ground rule but 

noted that the definition of the DEMO depends upon the definition of the FED 

in this "roll-forward" context. 

The design team has not attempted to define the DEMO in a "roll-back" 

context, i.e., the device which precedes a first "STARFIRE-like" commercial 

plant. The working group agreed that the DEMO concept definition should not 

be constrained by the ground rule that the DEMO be the only step between the 

FED and a "STARFIRE-like" commercial plant. In fact, it was the general 

feeling of the working group as well as that design team that an intermediate 

device will be required between a DEMO defined in the "roll-forward" context 

discussed above and a "STARFIRE-like" commercial plant. 

B. Major Parameters 

The major parameters and characteristics for the DEMO that have been 

chosen by the design team were felt by the working group to be appropriate 

given the above role of the DEMO. It was noted that the DEMO parameters are 

similar to the INTOR and ETF parameters, except that the DEMO has more 

ambitious availability and tritium breeding objectives and somewhat more 

optimistic assuraptions about g. The working group felt that achieving a 

tritium breeding ratio greater than one should be a DEMO objective and that 

the possibility that it may be necessary for the maxiraum toroidal field to 

exceed 10 T to achieve the wall load objective should be recognized. 

C. DEMO Objectives 

The working group felt that the objectives identified by the design 

team were appropriate. In addition, because of its unique large-volume, high-

fluence capability, the DEMO will, by necessity, serve an important role as a 

test facility for materials daraage, advanced blanket concepts, and possibly 

other non-electric applications of fusion. The working group agreed that this 

A-5 



testing mission, previously associated with the ETF, would have to be ful

filled by the DEMO and that this should be explicitly stated as an objective. 

D. Relationship of DEMO to FED 

The fact that the DEMO concept is defined within the "roll-forward" 

context of being the device which follows FED implies a strong, direct rela

tionship between the DEMO and FED concept definitions. The working group 

agreed that a more ambitious FED concept would allow a more aggressive DEMO 

concept in terras of availability, neutron wall load, etc., and could reduce 

the testing mission of the DEMO. A sufficiently ambitious FED concept could 

lead to a DEMO concept sufficiently advanced to eliminate the need for an 

additional device between the DEMO and a "STARFIRE-like" first commercial 

plant. 

In a different vein. It is the role of FED to demonstrate certain 

technological systems which would then be extrapolated to the DEMO, while 

other technological systems will be first demonstrated in the DEMO. The 

working group felt that this point should be kept in mind by the design teara. 

E. Ground Rules for the FY 1982 Study 

The schedule for the DEMO relative to the FED was discussed. The 

working group agreed that a success-oriented schedule should be the working 

base assumption for the study. Specifically, the DEMO design should be 

assumed to proceed in parallel with the final stages of the FED construction 

and initial operation. However, major commitment of money for DEMO component 

fabrication, etc., would be made only after sufficient FED operation to obtain 

the relevant Information to confirm the design. 

In examining the DEMO design, the working group concluded that the 

design basis philosophy is a mixture of "conservative" and "aggressive" 

assumptions. The working group agreed that the design team was justified in 

making "aggressive" assuraptions about high-leverage items that have the 

potential for dramatically Improving the concept. 

The emphasis recommended by the design team (i.e., primary eraphasis 

upon key technical issues and R&D needs definition and somewhat less emphasis 

upon a full-fledged point design) was supported by the working group. The 

working group felt that there should also be a strong emphasis upon identify

ing the sources of the information which raust constitute the design basis for 

the DEMO. 
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F. Other Considerations 

The idea of upgrading the FED, after it has accoraplished its mission, 

to also accomplish the DEMO mission was discussed. This could reduce the cost 

of two separate devices but could lead to higher initial costs and technology 

requirements for the FED. The working group did not suggest that the design 

teara consider this possibility this year. 

The fact that increased international cooperation could, or perhaps 

must, play a major role in providing the design basis for the DEMO was discus

sed. This cooperation could take the form of coordinated planning of several 

"FED-like" devices or collaboration in one such device (e.g., INTOR) as well 

as collaboration in supporting R&D. 

II. Plasma Engineering-Current Drive 

On the basis of the survey presented in the draft interim report and from 

the experience of the reviewers in this working group, the various current 

drives were rated based on the following key issues: Physics - physics confi

dence level, experimental basis; margin of degraded perforraance relative to 

theoretical prediction which is acceptable; and recomraended experiments. 

Technology - margin of degraded performance of future technology which is 

tolerable; required advances in technology; reliability, lifetime, and main

tainability; and recommended technology R&D. A summary of the recommendations 

made for each of the current driver systems follows 

A. REB 

1. Physics 

In regard to the physics confidence level, results are promising, 

but it must be shown that beams can penetrate in a real reactor. In addition, 

the scaling of high alpha (anomalous resistance) results to a reactor is a 

concern. Concerning the margin for degraded performance, there is a very 

significant margin factor of 10 over mlniraum acceptable value of I/P, which is 

encouraging. Multiple pulses in a raedium-size tokamak is a high priority item 

for the experimental tokamak program. 

2. Technology 

The margin of degraded performance is large with regard to effi

ciency. Required advances in technology are minor, except for materials 

Issues concerned with lifetime. Reliability and maintainability have not been 

studied. Technology R&D is not as high a priority as experiments. Technology 

improvements should automatically accompany the experiments. 

A-7 



B. Waves 

1. Physics 

In regard to physics confidence level, experimental verification 

of theoretical prediction Is generally poor. For exaraple, lower hybrid exper

iments do not agree with theory at higher density. However, LH has effec

tively driven large currents at low density. There are no experiments on 

HSMS. There is little margin of degraded performance here. It is recommended 

that HSMS experiments be initiated and that LH experiments at higher density, 

higher temperature be continued. Also, experlraents on LSMS waves (trapped 

electron effects) should be performed. 

2. Technology 

There is little margin in performance of projected technology 

(little margin in overall efficiency). The main problem here is raaterials 

developraent in antennas. Sorae tube developraent is necessary (high power 

tubes). Also, it is recomraended that radiation-resistant antennas be devel

oped. 

C. Neutral Beams 

1. Physics 

The physics confidence level is very good except for questions 

concerned with collective effects (injection above Alfven velocity). The 

margin of degraded performance is low, but improvement by using pulsed 

scenarios is promising. Recommended experiments Include injection at high 

velocities (V > V^j^f^g^) typical of negative ion neutral beam technology. 

2. Technology 

Negative ion systems with E. > 0.5 MeV and efficiency > 0.50 are 

needed. In addition, ESQ (electrostatic quadrupole) accelerators and/or laser 

neutrallzers may be essential. However, development of ESO technology repre

sents very significant extrapolation, and our present perspective is specula

tive. Regarding radiation hardening, neutron daraage problems do not appear to 

be prohibitive. (FED study was encouraging.) With respect to reliability and 

maintainability concerns, these relatively complex systeras have possible 

adverse effects on reactor raaintenance. Finally, an aggressive negative ion 

neutral beam development program is needed to pursue this option. Experiments 

with a small-scale ESQ device should be considered. 



D. General Recommendations to the DEMO Team and Fusion Community 

The following general recommendations are offered to the DEMO team as 

well as the fusion community: 1) A raediura-size tokamak facility is needed to 

study various current drive techniques and long-pulse physics/engineering 

issues. 2) Supporting test stands are needed. 3) REB current drive studies 

are the most important physics experiments since REB has the highest margin of 

safety, because very little work has been done, and because there is no on

going work. 4) The use of REB in the DEMO should be explored further. 

III. Reactor Configuration and Maintenance 

This working group addressed the issues in the areas of design philosophy 

and reactor design. The stated DEMO design philosophy provides a good basis 

for configuration development. The working group recommends that the project 

assign high priority to the following major issues: TF coll replacement, 

overall maintenance system, EF coil structural design, TF coil shape and 

structural reinforcement, and the relationship between the number of compo

nents and reactor availability. Specific issues are discussed below. 

A. Prototypical Components 

It is believed that the goal of utilizing prototypical commercial 

subsystems for the DEMO is essential for satisfying its objectives. This 

includes the use of similar components (limiter or divertor, vacuum pumps, 

superconducting magnets, etc.) and the same configuration and maintenance 

approach. 

B. Minimum Number of Components 

The argument presented by the DEMO team that increased availability is 

possible by minimizing the number of coraponents is believed to be valid. This 

leads to reducing the number of TF coils because the number of components is 

directly proportional to the number of TF coils. Decreases in numbers of 

components reduces the replacement time without a corresponding decrease in 

reliability. Further work is recommended to provide raore backup calculations 

and specific examples. 

C. Reraote Maintenance 

The working group agreed with the choice of fully remote maintenance 

but recommends that references to manned backup be deleted because it may 

weaken the development of remote maintenance techniques. 
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It is recommended that DEMO place eraphasis on defining the raaintenance 

system to establish the feasibility of fully reraote raaintenance and to provide 

inforraation about its impact on configuration and cost. This effort should 

include a listing of the raajor maintenance operations, a reactor building 

layout, development of basic requireraents and design concepts for the equip

ment, and identification of the high priority R&D needs. 

The track-mounted manipulator was endorsed as a good concept but it 

was agreed that raore detailed design is required. 

Cost estimates for making the TF coils large enough to permit removal 

of a single sector per TF coil were questioned. FED estimates project a 

difference of $150 M to $300 M, whereas DEMO estimates project approximately 

$60 M for a 2-m larger outer leg radius. Maintenance costs should be acknowl

edged as significant but necessary. 

TF coil replacement was recognized as the most significant maintenance 

problem. The approach presented for DEMO incorporates features that are a 

step in the right direction but must be developed more fully. The working 

group recommends a major effort on this task since tokamak engineering may 

hinge on this Issue. 

D. Magnet Cryostat Design 

The use of a common magnet vacuum dewar is appropriate at the inner 

leg of the TF coll. It is suggested, however, that the possibility of combin

ing the common dewar with the inner shield be Investigated. The flat top of 

the cryostat appears to provide substantial cost savings but should be evalu

ated further. 

E. Blanket/Shield Concept 

The design approach is considered appropriate and, in particular, the 

use of a single straight line motion for sector removal is considered essen

tial by the working group. 

F. Availability 

The 50% availability goal is appropriate for the DEMO, but it is not 

apparent as to how fusion will achieve this goal. It is recommended that a 

reliability and raaintenance tlrae assessment be performed for the approximately 

10 major systems. 

G. TF Coil Shape 

The reduced height TF coil was endorsed as appropriate for decreasing 

reactor plant capital costs. The interface between the pure tension shape and 
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the extended center post should be analyzed in more detail to assure the 

bending moments are manageable. 

H. Structural Design 

It is recomraended that a set of firm design criteria (number of dis

ruptions, etc.) be developed for the design effort. A specific problem that 

should be addressed in detail is the non-uniform loading and support of the 

poloidal coils. 

I. Electroraagnetlcs 

The dielectric break and first wall connector pose a significant risk 

and require early demonstration. Current generation devices utilize bellows 

for resistance control. 

J. Vacuum Pumping 

It is recommended that a larger percentage of redundancy be added in 

the vacuura system. It was felt that an increase in duct and purap size could 

provide added redundancy without adding much cost. This would also reduce the 

tritium Inventory by permitting recycling of more than two pumps simulta

neously and could decrease the reliance of the inversion probability at the 

limiter on vacuum system conductance. 

The use of elastomer seals in the vacuum door, limiter, and REB 

antenna were endorsed as desirable. The bakeout limitation of 150°C will 

prevent the local areas from being baked to 250°C with the blanket. The 

impact of the reduced bakeout capability should be'included. 

The automatic claraps for disconnecting vacuura joints is very appro

priate. However, a simplified design is needed. 

IV. Impurity Control Systems 

A. Physics 

1. Introduction 

The working group reviewed the assumptions, models, and physics 

results on which the DEMO impurity control system design is based. In 

general, the modelling results are realistic and based on presently accepted 

physics assuraptions. Several of the Important concepts and associated models 

have been pioneered by the DEMO team. These developments will certainly 

contribute to the FED/INTOR design effort. 
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2. Discharge Physics 

The modelling of the overall discharge, which serves as a basis 

for the impurity control systera design, is realistic and self-consistent. 

However, three factors appear to reduce the overall reactivity more than would 

seem necessary: a) the helium level is high (i.e., 8%), b) the beryllium 

level is high (i.e., 2.6%), and the discharge appears not to be operated at 

optimura teraperature and density. Since the reactivity is the priraary product 

of the reactor, a better corabination of contamination, temperature, beta, and 

wall load should be considered. 

3. Edge Conditions 

The models used to study the edge conditions appear to be realis

tic and well developed. The choice of three edge conditions to study (i.e., 

10 eV, 100 eV, and 1.5 keV) is a sensible approach to the uncertainties in 

edge conditions. The design group should keep in mind the fact that the 1.5 

keV reference condition may be difficult to realize. This is born out by the 

fact that the maximum teraperature obtained in the modelling studies (for 10% 

particle reraoval) was 560 eV. Unaccounted-for effects (i.e., secondary elec

trons, increased edge radiation, etc.) will tend to decrease this teraperature 

while it is very important for the beryllium design to maintain a high temper

ature. 

4. Erosion and Redeposition 

The model used to estimate the raaterial erosion and redeposition 

on DEMO is one of the first attempts to address this question for a reactor. 

The studies indicate a several millimeter per year erosion or buildup rate for 

the conditions considered. This net rate is the difference between a much 

larger erosion and redeposition rate. For this reason it is very sensitive to 

uncertain edge and material conditions. The panel was concerned that redepos

ited material properties, such as the sputtering coefficient, could be quite 

different from those assuraed. In addition, potential flaking could signifi

cantly alter the results. We recommend that the DEMO team analyze the sensi

tivity to these and other factors. 

The single element decision (i.e., walls and limiters of the same 

raaterial) will be very restrictive for future design considerations. The 

studies should reexaraine the need for this requirement. 

The 0.3 cm/year buildup on the limiter will likely come from a 

region of the wall of similar area. The effect of a localized wall erosion at 

this race should be considered. 
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5. Power Loads 

The model used to calculate the power loads is realistic. The 

choice of the level of the power load will affect the position of the channel 

and the associated helium pumping. In addition, moving the limiter to the 

bottom can reduce the loads or increase the heliura pumping. Since the helium 

level is high and, thereby, affecting reactivity, these factors should be 

considered in reoptimizing the design to reduce this contamination level. 

6. Impurity Control 

Modelling the impurity flow and associated level is difficult. 

However, the models used here are realistic in their embryonic form. The 

projected level of beryllium contamination is about 2.6%. This causes a 

reduction in reactivity of 20-25%. Uncertainties in modelling and associated 

potential increases in this level would be serious. Consideration should be 

given to reoptimizing the design to reduce this contamination level. 

7. Helium Reraoval 

The helium reraoval characteristics of the DEMO pumped limiter have 

not been considered in detail. However, other studies indicate that this type 

of limiter will suffice for helium removal. 

The helium level is projected to be about 8%. This will have a 

significant (I.e., ~ 20-25%) effect on reactivity. Because of the importance 

of this helium level, the pumping characteristics of the limiter should be 

studied. • 

B. Engineering 

1. Ripple Field 

It was agreed that both limiter and pumping space benefit from an 

evenly distributed heat load in the toroidal direction. The presence of a 

ripple field will produce unequal toroidal loading on the present limiter 

configuration. This should be investigated further. 

2. Disruptions 

Recent experiraental evidence indicates that a disruption will go 

to the surface that is in contact with the plasraa prior to the disruption. 

This is regardless of whether the surface is the inner wall, upper wall, or 

outer wall. Evidence also indicates that the thermal quench part of the 

disruption will be on the order of 200-500 ps, and the E/M part will occur on 

the order of presently accepted design values of a few milliseconds. The DEMO 

limiter design should be consistent with present knowledge of plasma disrup

tions. 
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In addition, an investigation of current flow during disruptions 

should be made. It was not clear that major forces will not occur from cur

rent flowing down a limiter arm, through the structure, to the next limiter. 

Arcing may also occur between adjacent limiter (type)/structures during a 

disruption because liraiters could be at different potentials. These phenomena 

will have a raajor effect on the limiter (and support) design (and stress). 

3. Liraiter Thickness 

The possibility of making the limiter blade thicker should be 

investigated. Since the flux lines do not dictate the present shape of the 

rear surface of the liraiter and conductance is not a problem, the possibility 

for a thicker blade exists. This would produce a stronger design, less flexi

ble in bending, and allow for Incorporation of structural support into the 

blade separate frora the cooling structure (e.g., stainless or inconel could be 

used as a spine, surrounded by a copper cooling sheath, slrailar to the FED 

design). 

4. Stress Analysis 

Substantial concern was expressed about the use of ASME Stress 

Criteria in the limiter analysis. This code allows (P, + P_ + Q) <; 3 S ~ 
L B m 

Ultimate Strength. It treats the thermal load as a secondary stress. For an 

irradiation embrittled material, this criteria is not conservative. 

The effects of irradiation creep and property changes on the 

limiter model should be estimated (for a first-order analysis). Some of these 

effects are/can be handled by finite element Structural Analysis Codes. The 

hand analysis presented cannot adequately model irradiation effects, much less 

accurately portray the shear stress state at the coating/substrate 

Interface. Irradiation effects will have a major impact on limiter stresses 

and, therefore, limiter life. 

As mentioned above, the shear stresses at the coating/substrate 

Interface have not been investigated. These should be investigated since they 

will be a major factor in coating adherence. In addition, the Be/Cu Interface 

will have a reduction in strength due to possible tritium buildup along it. 

It is probable that cracks will occur in the coating from opera

tions/disruptions. These could propagate into the irradiation-embrittled 

substrate. The subsequent leak into the torus would vaporize the water 

coolant. It is recommended that some fracture mechanics investigation of the 

coating be undertaken. 
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5. Materials 

The scheme presented for erosion control of the liraiter has inter

esting possibilities. If the impurity material being transported by the 

plasma and deposited onto the limiter is the same material, problems arising 

from impurity modification of limiter substrates may be avoided. There are, 

however, a substantial number of questions that need answers before this 

solution can be validated as a conceptual design. 

Some basic tests and analyses should be undertaken to verify, to 

the first order, some critical material properties and morphology. Suggested 

areas for investigation are: erosion rates vs. redeposition rates; strength 

and physical properties of the redeposited material; effects of Impurities 

(since plasma will contain them) on properties which will stress the material; 

reduce the uncertainties in sputtering parameters since they will greatly 

affect the strength and physical properties; investigate the applicability of 

spalling (bond properties, adhesions, sticking), since experimental evidence 

shows that a large probability for it exists; investigate the effects on 

design/maintenance of high locked-in stresses from high temperature deposition 

in the cooled-down limiter structure after operation; redo stress analysis 

using finite element techniques and properties from materials investigation 

since present stress analysis does not properly reflect changes in the rede

posited material; and do not underestimate or neglect the irradiation effects 

which will also alter the raaterials properties. • 

6. Summary 

The erosion-redeposition scheme presented to the attendees was 

inventive. It certainly addressed the erosion problem designers of impurity 

control systems must increasingly face. Like many areas of research, the 

first cut at a solution reveals many raore questions. Sorae of these questions 

must be answered in order to verify that continued research and/or acceptance 

of the concept has merit. 

It is recomraended, therefore, that the fusion comraunity pursue 

this concept: that a raodest raaterials investigation program be initiated to 

validate some basic assuraptions; that all the limiters, regardless of loca

tion, be designed for disruptions; and that issues raised above be addressed 

by the coraponent design staff. 

A-15 



V. First Wall/Blanket Design 

A. First Wall/Llmiter Design 

1. Critical Issues 

a. Tritium Permeability 

The raain question here is the rate at which energetic hydrogen 

Isotopes, iraplanted In the first surface region will permeate through the 

first wall into the coolant. The three main issues discussed in this area 

relate to: model development, experiraental verification of raodels, and antic

ipated first wall composition in a "real" fusion environment. Most of the 

discussion related to the question of whether Tj loss rate could be held to 

less than 20 curies per day. 

It appears that the development of models for tritium perme

ability through metals in an energetic hydrogen plasma environment Is proceed

ing at a reasonable pace for this project. The current models are felt to be 

representative of the physics of T, permeation, but the models also contain a 

large number of parameters whose values are poorly known. The rather large 

number of these uncertain pararaeters does not generate much confidence in the 

predictions of actual perraeation rates in the DEMO. There was a great deal of 

discussion about the need to measure some of the more critical parameters in 

the models such that the range of uncertainties could be reduced. The need 

for sensitivity studies to discover the raost iraportant parameters was brought 

up several times in the session. 

Finally, there seemed to be some disagreement of how well we 

might be able to predict the actual first wall conditions in a "real" fusion 

environment. Topics such as the degree of contamination from oxygen or 

carbon, the rate at which the surface is "cleaned" by sputtering, the change 

in alloy composition in the near-surface region due to preferential diffusion 

of the low atomic weight elements, etc., were discussed. Another area of 

concern was the effect of iraplanted helium on the trapping of the hydrogen 

isotopes as they permeate through the wall. Radiation trapping of the perme

ating hydrogen Isotopes was also discussed, but no firm conclusions were 

drawn. 

b. Disruptions 

It was generally agreed that there has been considerable 

progress in this area, aC lease in understanding the nature of the problem. 

However, it was also evident that the consequences of disruptions were far 

A-16 



frora being adequately understood. This problem was felt to be of a "go or no-

go" magnitude in the DEMO and, therefore, still deserves further analysis. 

The major issues discussed were: raodel development, spatial and temporal 

variations of heat flux during a disruption, raelt layer stability, and raech

anlcal response to the Be coating. 

The progress in model development has been very encouraging in 

the past two years, mainly because of the INTOR Project. The DEMO can, and 

should, benefit frora this work. However, the uncertainty over the spatial 

variation in the deposited energy or the time-related behavior is still 

unacceptably large. For example, the DEMO team used an overall "peaking" 

factor (that is, the maximura flux divided by the average flux if the energy 

went uniformly to the first wall) as a factor of five. Several raerabers felt 

that such a value was too low, and that factors of 10 to 15 raight be raore 

appropriate on the first wall and the values raay be even higher on limiters. 

Disruption tiraes of tens of milliseconds were appropriately analyzed, but it 

was pointed out that the consequences of shorter disruption times and high 

peaking factors need to be assessed further. 

The stability of the melt layer was frequently discussed, but 

other than recognizing the problem, the issue of how the melt layer 

would react to the rapidly changing magnetic field and/or the gravitational 

forces was not addressed. It appears that this problem is not easily modeled 

and may not be solvable during the time period of J:his study. However, it was 

pointed out that the raelt layer stability was also of the "go or no-go" nature 

for the DEMO. 

Finally, there were a large nuraber of questions about the 

raechanlcal stability of the Be/SS bond after being subjected to repeated shock 

waves generated during the short deposition time of a disruption, 

c. Be Coatings 

The use of relatively thick Be coatings (- 5-10 mm) to protect 

the first wall and plasma during disruptions was discussed in sorae detail. 

The major concern in this area seemed to be on the stability of the Be/SS bond 

due to forces that might be generated during operation. These include 

neutron-induced swelling of the Be, temperature variations during power load 

changes, or even irradiation-induced creep relaxation of the base structural 

material 
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2. Recommendations to the DEMO Team 

a. Tritiura Permeability 

The main recommendation to the design teara is to conduct a 

sensitivity analysis on the parameters in the current T„ permeation models. 

The results of such a parametric analysis can be then used to identify those 

critical parameters which need to be raeasured experimentally (after the 

STARFIRE/DEMO study is completed). 

b. Disruptions 

The three main recommendations in this area are: 1) The 

effects of higher peaking factors and shorter disruption times need to be 

assessed with respect to the survivability of the first wall. Such analysis 

should incorporate the vapor shielding effects as well as the possibility that 

the vaporized material might be swept away by the rapidly changing magnetic 

fields. 2) An attempt should be made to raodel (analytically) the stability of 

the melt layer in Be or SS. Because of the short time available in FY 1982, 

such an analysis can only be of a scoping nature, but it is felt that ignoring 

the problem at this time will detract frora the credibility of the current 

design. 3) An analysis of the effect of disruptions on the liraiter alone 

needs to be made. Thus far, only the effect of disruptions on the first wall 

have been addressed. The same variations in peaking, time duration, and melt 

layer stability as applied to the first wall should also be included. 

c. Be Coatings 

There are several near-term recommendations for this area: 1) 

The effect of higher charge exchange (CX) fluxes near the puraping parts or 

limiters needs to be addressed. Thus far, the CX flux Is assuraed to be uni

formly distributed, a rather unlikely situation. 2) A general analysis of the 

Be/SS and Be (redeposited)/Be (old)/SS bonds needs to be instigated. The 

ability of those bonds to withstand frequent changes in the teraperatures, 

slowly induced neutron or helium gas bubble swelling, and the propagation of 

cracks perpendicular or parallel to the plane of the bond needs to be asses

sed. 3) If the Be coating falls off for any reason, the consequences to the 

DEMO design need to be exarained. Such failures could result in the melting of 

the steel during the disruptions or the propagation of cracks through steel 

which is embrittled due to neutron or hydrogen effects. 4) An assessment of 

the Be resource implications of the DEMO design should also be included. 
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3. Recomraendatlons to the Fusion Community 

a. Tritium Permeation 

The major concern here is that there is very little experi

mental information on the perraeation of energetic hydrogen isotopes through 

metals or coatings. Without such information, the predictions of current 

theories will always be viewed with some skepticism. Such experiments must be 

conducted on well-characterized surfaces because of the uncertainty over 

contamination, near-surface chemical changes, or raicrostructural changes 

associated with bubbles. It is also recommended that such permeation studies 

be conducted under conditions where a high population of radiation-induced 

defects are present during the permeation phase of the hydrogen isotopes. 

b. Disruptions 

The major recommendation in this area is to conduct experi

mental tests of the "vapor shield" model recently proposed in the magnetic 

fusion area. Such tests are needed to see if we can actually take advantage 

of this mechanism to reduce the vaporization during a disruption to acceptable 

levels in large tokamaks. 

c. Be Coatings 

In addition to the modeling studies of a Be coating on steel, 

there is a need to fabricate and test thick Be coatings under the conditions 

which may be present in a tokamak-like DEMO. The failure conditions and 

failure rate with respect to transient or steady-istate heat fluxes need to be 

established. It would also be helpful to simulate dimensional changes due to 

neutron swelling of either the Be or the steel substrate. 

B. Lithium Oxide Blanket 

1. Critical Issues 

a. Materials Issues 

The raajor issues discussed were the evaluation of the prop

erties and temperature limits of solid lithium corapounds, the stateraents made 

about heliura cooling, the concern about fabrication and availability of the 

desired solid breeder configurations, and the embrittleraent of ferritic steel 

by hydrogen. The DEMO teara has collected the available therraophyslcal prop

erty data base and has developed operating teraperature windows to stay within 

the constraints established by sintering and compatibility concerns, mass 

transport of the lithiura raaterials in the purge streara, and tritium release. 

The working group indicated that further consideration of the temperature 
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llraits is needed and that experimental studies are probably needed in order to 

define these limits. Evaluation of the thermophyslcal properties of the 

lithium materials in the configurations/morphologies is needed and should be 

guided by consideration of the sensitivity of the design to these 

properties. Fabrication developraent is needed to show the desired configura

tions can in fact be made but should wait until the need for special configur

ations (e.g., bl-raodal pore distribution) is verified by experiment. 

A sharp discussion was generated on the question of helium 

cooling. While the choice of water cooling for the DEMO was generally 

accepted as being a reasonable choice, strong opinions were presented that the 

statements made in the draft report and the review presentations about helium 

being undesirable were not justified or substantiated. It was pointed out 

that all of the issues raised for helium were highly design-dependent and that 

a good candidate design for heliura had not been developed or evaluated. It 

was suggested that it was not necessary for the DEMO to make any stateraents on 

the viability of helium and that the statements that were raade were not justi

fied. 

b. Tritiura Release and Recovery 

Partially as a result of the STARFIRE Workshop held one year 

ago, experimental work in FY 1981 was focused on the issue of T-O solubility 

in Li20. This work appears to have resolved the concerns about large tritium 

inventories in a LijO blanket. The Issues now appear to be concerns about the 

rate of diffusion out of Li20, understanding of the rate-limiting effects and 

temperature constraints, and selection of material configurations/morphologies 

to optimize tritiura release. Prellrainary information from the TULIP experi

ment appears to indicate that sraall grain sizes and complicated configurations 

will noc be needed to achieve good release. This issue needs to be explored 

thoroughly as soon as possible as It strongly Impacts the need for developing 

complicated fabrication techniques for lithium corapounds. It may be possible 

to do sorae simple "go/no-go" type experiments to define the need for more 

detailed evaluations. If tritium is adequately released from simple, high-

density sintered pellets with large grain sizes, the need for investigation of 

the detailed release mechanisms and development of complicated configurations 

may be obviated. 
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c. Design Considerations 

One of the consequences of the narrow operating teraperature 

window assumed by the DEMO team for Li-O is the challenge to develop a 

credible design that stays within those limits. Maintenance of the proper 

narrow gap between the breeder material and the coolant tubes is particularly 

important, especially considering the poloidal variations of the wall 

loading. Design solutions that are developed will need testing of their 

thermal-hydraulic/thermomechanical behavior to verify that the correct teraper

ature distributions can in fact be achieved and to insure that the conditions 

that maintain these distributions are stable with time during operation. 

The choice of whether or not to include breeding of tritiura in 

the inboard blanket has not yet been made for the DEMO. The issues, pro and 

con, concerning the choice have not yet been fully identified or discussed, 

although U-^O blankets that Include beryllium to enhance breeding perforraance 

were discussed and appear quite interesting. The consensus of the working 

group appeared to be that there are no strong arguments against inboard breed

ing and a decision not to use the inboard direction would have to be justi

fied. Although the question of lithiura burnup was raised several times in the 

DEMO review, the degree of burnup was not quantified nor were the consequences 

discussed. This is one of the aspects that must be considered in estimating 

the DEMO blanket lifetime. 

2. Recommendations to the DEMO Team • 

a. Materials Issues 

Most of the materials issues require experimental efforts that 

are beyond the scope of the STARFIRE/DEMO study. Several issues, however, can 

and should be examined further during the study. The narrow operating temper

ature window for Li20 is presently set by tritium inventory concerns on the 

lower side and lithium compound vaporization concerns on the upper side. The 

lower limit of 410°C was set during the STARFIRE design on the basis of 

tritium Inventory. It should be reexamined in light of the newly discovered 

very low solubility of LiOH in LijO. The upper limit of 670°C is based on 

keeping expected weight loss by mass transport below 1% of the weight loss due 

to burnup. This appears to be a tight limit. The irapact of increasing this 

to 10% or even 100% of the burnup weight loss should be considered. The limit 

imposed by radiation-induced sintering appears to be as high as 750°C for 

Li 0. The DEMO team should be more specific about what determines the operat

ing lifetirae of the LI2O (i.e., neutron swelling, burnup, etc.). 
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The issues, pro and con, regarding helium cooling should be 

examined by the DEMO design team with knowledgeable groups in the fusion 

design comraunity. It is not clear that a head-to-head coraparison between 

water and alternate coolants, including helium, is possible or needed for the 

STARFIRE/DEMO study. It Is recommended that the DEMO team meet with groups 

that have developed helium-cooled blanket designs and learn of the technical 

aspects of these designs. Since the points raised in the DEMO report and 

review are highly design dependent, it appears necessary to modify the state

ments made in the DEMO report accordingly. 

b. Tritium Release and Recovery 

Resolution of the questions concerning release of tritium from 

solid breeder materials requires further experimental data. It does appear 

that recent inforraation frora experiments (e.g., TULIP at ANL and OG-5 at 

General Atomic Company) raay help interpret the various analytical model 

results. The DEMO team should incorporate these recent experimental results 

Into their design, analysis, and evaluation efforts. 

c. Design Considerations 

The DEMO team has done a good job of identifying the sensi

tivity of the solid breeder blanket to the raaintenance of a proper thermal 

conductance between the solid breeder and the coolant tube. It is recommended 

that the team try to develop design solutions to insure maintenance of this 

gap. It appears that use of annular pellets around the cooling tubes and 

wire-wrap on the cooling tubes may be a solution. Use of the coolant pressure 

to maintain therraal contact could also be considered. The design must include 

consideration of reasonable hot-spot (and cold-spot) factors and partial power 

operation which will affect the blanket temperature profiles. An important 

factor will be the cost asociated with the possible need for different thermal 

designs at different poloidal positions around the blanket. This could incur 

large design, fabrication, and spare parts costs. 

The question of Inboard breeding must be resolved and a recom

mendation made. The team appears to presently be leading toward not breeding 

in the inboard blanket region. A case has not been raade that this is in fact 

desirable. The blanket lifetime limits (burnup, radiation damage, etc.) must 

be explored and a lifetime lirait Identified.. 
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3. Recommendations to the Fusion Community 

a. Materials Issues 

The bases for specification of operating temperature limits 

are, for the most part, analytic calculations of tritiura release and theoret

ical expectations for sintering, vaporization transport, etc. It is iraportant 

that an experimental basis for these limits be established. This includes the 

effects of sintering and radiation effects, compatibility concerns, and mass 

transport of the solid breeder constituents. In addition, further evaluation 

of the thermophyslcal properties of the breeding raaterials is needed. 

Although a good start has been made in recent years, more work remains to be 

done. As the understanding of the critical parameters associated with tritium 

release improves, the specification of the required breeder material configur

ations and morphologies will becorae firraer. At that time, it will be 

necessary to develop techniques for economical fabrication of the desired 

materials. 

b. Tritium Release and Recovery 

The concerns associated with tritium release from solid 

breeders are still predominantly based on theoretical predictions. There is a 

strong need for experimental support for the tritium behavior models. When 

these models are understood and when blanket designs using these models are 

done, demonstration of prototypical solid breeder blanket tritium recovery 

systems is needed. 

c. Design Considerations 

The concern about temperature control in solid breeder 

blankets is a generic issue and is not confined to the DEMO blanket concept. 

As a result, the fusion design community oust attempt to develop design conc

epts that will accommodate or, better, avoid the concerns about maintenance of 

proper gap therraal conductance that were identified by the DEMO team. 

C. Lithium-Lead Breeding Blanket 

1. Critical Issues 

a. Compatibility 

The main issue discussed here was to establish upper and lower 

operating temperature limits for the Pb-Ll alloys. Unfortunately, there is 

very little data on which to base such determinations, and the upper limit of 

450<'C (or even lower) is made from inference to Li compability data. The only 

data available to date is on samples in a static test environment, and there 
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is a real need for data in a dynamic (I.e., flowing liquid metal) 

environment. There was considerable disagreement on how one could extrapolate 

the present static test data to a dynamic limit for Pb-Li alloys. 

Similar problems exist when trying to predict embrittleraent of 

austenitic or ferritic steels. Inferences from pure Pb embrittleraent of 

ferritic steels at the raelting point of Pb were not deemed to be adequate to 

place a lower teraperature lirait on Pb-Ll blanket operation. 

b. Tritium 

The raain issue discussed in this area was the relative merits 

of recovering tritiura via the molten salt technique versus removal by vacuura 

pumping above the surface of the raolten metal. Pros and cons of both systeras 

were discussed, but the major reason against vacuura puraping appears to be 

associated with the extremely large pumping capacity (and cost) required to 

reduce the inventory down Co the tens of grams level. 

Because of the high vapor pressure of T2 above the Pb-Li 

alloy, containraent of the tritiura will be a major problem. It appears that 

special coatings to reduce the permeation rate by a factor of one hundred or 

more will be required to meet leakage rates of greater than or equal to 20 

curies per day. 

The breeding of Ty from Pb-Li alloys was discussed, but there 

seemed to be no doubt that breeding ratios of raore than 1.0 could be 

achieved. If the Li is highly enriched in the Li-6 isotope, it appears that 

sufficient breeding on the outside could be accomplished to use "non-breeding" 

blankets on the inboard side. 

Finally, the safety of Pb-Li alloys was briefly discussed, 

with the general conclusion being that such alloys are significantly safer 

than Li, but quantitative values could not be agreed upon by the group. 

c. Coolants 

The main issue discussed revolved around the coolants that 

should be used for the Pb-Li breeding blanket. The options included helium, 

sodium, water, and PbgjLlj^. In the first three cases, the Pb-Li would be 

present in a static blanket where thin tubes would carry the coolants through 

the Pb-Li alloy. In this last case, the PbgoLlj^ itself would move through 

the blanket. The helium looked unattractive because of the low maximum opera

ting teraperature. The water was unattractive because of safety and the diffi

culty of removing T2. The sodium has some attractive features such as an 
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e s t a b l i s h e d technology, low Tj s o l u b i l i t y , and low p re s su re . However, the MHD 

drop in sodium (which would have to be flowing at a much higher ve loc i t y than 

PbgjLl j^ I t s e l f ) was not c a l c u l a t e d . Furthermore, the use of Na coolant on 

the inboard s ide of a tokamak would a l so present severe MHD pressure loss 

problems. 

2 . Recommendations to the DEMO Team 

a. Compatibility 

The main area that could be addressed within the time frame of 

this study would be a parametric analysis of the quantitative consequences of 

the various corrosion rates. There are two main points here: the thinning of 

the blanket walls, and the deposition of corrosion products throughout the 

system. An assessment of "sacrificial" deposition surfaces in the colder 

parts of the heat transport system may alleviate the "plugging" problem. 

b. Tritium 

It was evident that further analyses of gas sparging versus 

gas pumping extraction techniques would be helpful. There are several reasons 

suggested why gas sparging may be better than the pumping techniques or the 

molten salt techniques. 

c. Coolants 

A quantitative analysis of the MHD pressure drops in the 

sodium-cooled Pb-Ll blankets and the self-cooled designs should be made. 

Particular emphasis should be paid to the inboard side of the tokamak design. 

An overall cost analysis (mllls/kWh not $/kWh) of the Pb-Li 

versus U. versus Li^O breeding blankets should be conducted. This analysis 

should take into account the increased or reduced shield thickness required to 

protect magnets as well as pumping power costs and efficiency analyses. 

3. Recommendations to the Fusion Community 

a. Compatibility 

It appears that the most critical tests that can be performed 

over the next few years are in flowing Pb-Li systems. Such data and the 

experience with such loops is absolutely essential to establishing realistic 

operating limits. It is also necessary to investigate the effects of high 

magnetic fields on the corrosion rates and embrittleraent tendencies of these 

systeras. If ferritic steels look proraising with Pb-Li alloys, then the 

effects of such steels on raagnetic field asymmetries needs to be assessed. 

The effect of the fields on stresses in the magnetic blankets also needs to be 
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examined, especially where tubes enter or exit from high magnetic field 

regions. 

b. Tritiura 

An experimental demonstration of the extraction of T2 from Pb-

li alloys via raolten salt, gas sparging, or gas puraping techniques is vital. 

The effects of impurities and corrosion products also need to be Included in 

such an assessment. 

c. Coolants 

Ouantltative experiraental inforraation on the interaction of 

Pb-Li and H~0 is urgently needed. Since Pb-Li alloys are perceived to be 

safer to work with than Li or Na, such data will conflrra or deny this impres

sion. 
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