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ABSTRACT 

"Hiis report presents the scoping studies performed as the i n i t i a l 

par. of the program to produce a conceptual design for a Tokamak Exper-

imental Power Reactor (EFK). The EPR as considered in th is study is to 

employ a l l systems necessary lur s ign i f i can t e l e c t r i c power production 

at continuous high duty cycle operat ion; i t is presently scheduled to be 

the f ina l technological step before a Demonstration Reactor Plant (Demo). 

The scoping study tasks begin with an explorat ion and i d e n t i f i c a -

t ion of pr inc ipa l problem areas and then concentrate on consideration 

and evaluation of a l te rna te design choices for each of the fol lowing 

major systems: Plasma Engineering and Physics, Nuclear, Electromag-

ne t ics , Neutral Beam In jec t ion , and Tr i t ium Handling. In addi t ion, 

consideration has been given to the integrat ion of these systems and 

requirements a r is ing out of the i r incorporation into an EPR. 

One intent of th is study is to document the paths explored in 

search of the appropriate EPR charac te r is t i cs . To s a t i s f y this i n t e n t , 

the explorations are presented in chart form o u t l i n i n g possible options 

in key areas wi th extensive supporting footnotes. 

An important resul t of the scoping study ha? been the development 

and d e f i n i t i o n of an F.PR reference design to serve as (1) a common 

focus for the continuing design study and (2) a guide for associated 

development programs. 

In addit ion the study has i d e n t i f i e d research and development 

requirements essent ia l to f a c i l i t a t e the successful conceptual design, 

construction, and operation of an EPR. 
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FOREWORD 

The work presented in this report was performed in FY 1975 and 
issued in draft form in September 1975 for use within the EPR studies 
community. With the rapidly increasing attention require'' of EPR 
studies in FY 1976, preparation of this document for final publication 
has been delayed significantly. The report is now being issued formally 
to ensure that the wealth of exploratory information developed is avail-
able in technical literature. This final version differs in many spe-
cific ways from the draft version but not in any of the significant 
findings. Although most of the findings discussed herein remain valid, 
much more work has been accomplished in critical areas so that some of 
the initial conclusions, based on a brief survey of problems and under-
standing of assumptions, are changing. The work of preparation for 
publication has been that of clarification, not updating. Therefore, 
the reader's attention is directed to subsequent documents for a more 
comprehensive and up-to-date picture of EPR studies, namely: 
ORNL/TM-5042 EPR Reference Design, ORiNL/TM-5418, ORNL/TM-5572-5577 
EPR Study-1976. 

The ERDA-DCTR program for development of fusion power reactors is 
planning a series of progressively larger confinement systems. Devel-
opment of these confinement systems of necessity will be accompanied by 
a corresponding development in associated research and technology. By 
FY 2000 this series should have culminated in a Demonstration Reactor 
Plant (Demo) of >500 MW(e) capacity and should subsequently lead to the 
establishment of a commercial fusion power industry. 

After the Tokamak Fusion Test Reactor (TFTR), scheduled to begin 
operation in the early 1980's, the next device in the DCTR program is an 
Experimental Power Reactor (EPR), planned for operation in the mid-1980's. 
During the past year (FY 1975), an EPR scoping study supported by ERDA 
has been in progress at ORNL. Similar studies have been completed at 
Argonne National Laboratory (ANL) (ANL/CTR-75-2), also with ERDA sup-
port, and at General Atomic Company (GAC) (GA-A13534) with support from 
the Electric Power Research Institute (EPRI). 
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The present ORNL scoping study is devoted pr imar i ly to functional 

and technological considerations associated with the design of an EPR. 

This includes d e f i n i t i o n of EPR requirements and constraints in the 

various systems and d isc ip l ines and presentation of r e a l i s t i c options 

based on ex is t ing and near-term technological development. An i n i t i a l 

EPR reference design has been chosen that w i l l serve as the focal point 

of continuing e f f o r t d i rected toward establishment of an EPR conceptual 

design. 
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1. INTRODUCTION 

This report documents the scoping studies performed during FY 1975 
as part of the attempt to produce a conceptual design of an EPR (see 
Foreword). As a target for this study, the EPR, which will employ all 
systems necessary for electric power production, is scheduled for 
operation in 1985 and will be the final technological step before a 
Demonstration Reactor Plant. The scoping study presented in this doc-
ument has achieved an identification and preliminary assessment of many 
of the problems that must be resolved to facilitate the successful con-
ceptual design, construction, and operation of an EPR. 

An important result of the scoping study has been the definition 
of an EPR reference design to serve as (1) a common focus for the con-
tinuing design study and (2) a guide for associated development programs. 
This reference design is described in a companion document, ORNL/TM-5042. 
A summary of the scoping study efforts related to EPR is presented in 
Sect. 2 of this report, and a discussion of EPR objectives is given in 
Sect. 3. 

In the scoping studies completed to date, EPR considerations have 
been examined in the following major systems: 

• Plasma Engineering and Physics 
Nuclear Systems 
Electromagnetics 

• Neutral Beam Injection 
• Tritium Handling. 

In addition, consideration has been given to the integration of these 
systems and requirements arising out of their incorporation into an EPR. 
Requirements include remote maintenance, materials, fabricability, 
safety, licensing, and scheduling. A discussion of the effort in each 
of the major systems listed above is presented in Sects. 4 through 8. 
Sections 9 and 10 discuss problems of the integration and implementation 
of the systems. 

More detailed discussion of the scoping study summarized in this 
document will be provided in separate documents for several of the major 
systems.1»2 

1 
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2. SUMMARY 

This section summarizes the results of the first year of EPR-related 
scoping studies. These results are presented in three categories: 

1) principal findings, 
2) a reference design to be used as a basis for further 

design study, and 
3) research and development requirements related to EPR 

design. 

2.1 PRINCIPAL FINDINGS 

The principal findings that result from the scoping study to date 
are presented below. A more detailed presentation is contained in sub-
sequent sections of this report. During the scoping study, emphasis 
was upon breadth of coverage in the various technological areas. Vary-
ing degrees of the depth of evaluation were employed depending on the 
area. Although numerous alternatives were examined in most areas, a 
single approach was selected in defining the reference design. The 
findings of principal interest in each technological area are high-
lighted as follows: 

Plasma 
Performance analyses and sensitivity investigations using 
the current plasma model have resulted in a set of param-
eters describing a tokamak device that is considered cap-
able of producing a reactor-grade plasma. 
For a fixed aspect ratio, the plasma current, I, decreases 
rapidly with a decrease in plasma radius. As a result of 
the scoping studies, the radial distance, A, from the 
surface of the plasma to the toroidal field coil winding 
is found to be ^1.55 m, which as discussed later in this 
report suggests a minimum plasma radius, a, of ^2 m. 

• The probability of successful plasma performance increases 
with increasing toroidal field strength. Accordingly, the 
highest possible toroidal field was chosen consistent with 



an aggressive, practicable magnet development program. 
Thi° field value is B = 4.8 T on the plasma axis cor-
responding to a maximum B at the superconductor of 11 T. 
The plasma parameters selected will provide a high neutron 
flux even in the case of unfavorable scaling with increased 
size. 
The scoping study evaluation has emphasized the need for 
serious study of the questions related to the operating 
cycle, in particular the issues of startup, fueling, im-
purities, burn, control, shutdown, etc. 

Nuclear 
Analysis of the energy conversion system (first wall, 
blanket, and shield) indicates that a heat removal system 
can be designed that will operate at high temperatures 
and satisfy the present power requirements of the EPR. 
This same design, modified to use lithium absorber in 
a few modules instead of potassium, would permit a tritium 
breeding demonstration. 
The use of a separate material layer as the first rad-
iation wall, with no load-bearing requirements, appears 
mechanically feasible. 
Helium under pressure can provide the desired cooling 
and heat transfer. 

Electromagnetic 
• Information on toroidal field coil design including 

reactions to centering forces, overturning moments, 
and intercoil structure, can be generated by a three-
dimensional finite-element structural analysis program. 

• The toroidal field superconducting coil design incorpor-
ates all the requirements of high current density at 
high field by using multifilamentary Nb3Sn cable sup-
ported and cryostabilized in a low-loss structural 
configuration with a sturdy steel case and helium 
coolant under forced-flow conditions. 
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The promise of the recent developments in a multifila-
mentary Nb3Sn wire conductor must now be fulfilled by 
increased emphasis on this superconductor in the tokamak 
magnet development program. 
Use of an electromagnetic shielding scheme has provided 
a solution to the dilemma of obtaining the required 
volt-second capability, without imposing either high 
rates of field change at the TF coil or incurring high 
costs for inefficient production of volt-seconds. 
In the areas of high-energy storage devices and associ-
ated switching gear, development is required to ensure 
the feasibility of the large homopolar generators and 
high current switches. 

Neutral Beam Injection 
Extensions of current neutral beam injection technology 
are needed to provide a high-efficiency delivery of beams 
at levels of many tens of megawatts into the plasma. 

Tritium Handling 
In-plant recycling of tritium from plasma exhaust is a 
practical necessity requiring significant process devel-
opment . 
Methods for recovering tritium produced in the blanket 
are largely undeveloped. 
Cryosorption pumping has attractive advantages for EPR 
vacuum systems but requires development for EPR condi-
tions. 

System Integration 
An assembly procedure including coolant piping and 
manifolding, assembly tools, and clearance has been 
examined. The procedure is feasible for the reference 
design. 

• A system power balance indicates that significant output 
power can be achieved. 
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Schedule 
Consideration has been given to the technical and admin-
istrative requirements for a 1985 operation date for the 
EPR. A schedule was developed using projections from 
light water reactor experience. Iv. includes the expected 
information from research, the results from testing in 
existing and planned confinement devices, and progress 
expected in development programs. This schedule requires 
FY 1979 funding authorization and considerable overlap of 
the various design and fabrication phases of the EPR with 
the design, fabrication, and testing phases of the crit-
ical steps in magnet development: large coil testing, 
system testing, and the EPR prototypic coils. 

2.2 REFERENCE DESIGN 

A Tokamak EPR Reference Design has been developed as a basis for 
further design study leading to a conceptual design. The set of basic 
plasma parameters selected (minor radius of 2.25 m, major radius of 
6.75 m, magnetic field on axis of 4.8 T, and plasma current of 7.2 MA) 
should produce a reactor-grade plasma with a significant neutron flux 
even with the large uncertainty in plasma scaling from present experi-
ence to large sizes. The neutral beam power needed is 100 MW with an 
accelerating voltage of 200 keV. The safety factor, q(a), is 2.5. The 
burn time is 100 sec with a duty cycle >50%. The overall height of 
the reactor device is 15 m and the overall diameter is 22 m. The output 
power for a driven system is ^400 MW(th) and under ignition conditions 
is ^200 MW(th). 

Neutronics and heat transfer calculations coupled with mechanical 
design and materials considerations were used to develop a blanket and 
shield capable of 

1) operating at high temperature, 
2) protecting the surrounding coils, 
3) being maintained remotely, and 
4) in a few experimental modules, breeding tritium. 
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The structural material selected for the blanket is type 316 stainless 
steel. The blanket consists of 60 autonomous segments that are clamped 
and welded together to form the torus. The absorber in the non-breeding 
modules is potassium. Provision has been made to include experimental 
modules containing lithium metal instead of potassium to demonstrate 
tritium breeding. The breeding ratio in these modules is ^1.2. The 
coolant is helium at 70 atm. The coolant outlet temperature is 
^370°C. The maximum power rating of the blanket is ru450 MW(th) . 

The need for high field strength, derived from plasma considerations, 
and the requirements for volume, derived from plasma, blanket, shield, and 
access geometry considerations, resulted in the use of Nb3Sn in addition 
to NbTi superconductors. A maximum field strength of 11 T was judged 
to be the highest level technologically feasible in the present schedule. 
The toroidal field coil design developed for a maximum field of 11 T at 
the winding combines multifilamentary superconducting cable with forced 
flow of supercritical helium enclosed in a steel conduit. In this de-
sign, there are 20 toroidal field coils of oval shape. The horizontal 
opening is 7.4 m and the vertical opening is 10.2 m. The total magnet-
omotive force per coil is ^8.1 MA turns, and the stored energy is 
34.2 GJ. The structural system uses a stainless steel center bucking 
ring and intercoil box beam bracing to provide rigid support for coils 
against the centering force, overturning moments from poloidal fields 
and faults, other external forces, and thermal stresses. The poloidal 
magnetics system is specially designed both to reduce the total volt-
second energy requirements and to reduce the magnitude of the field 
change at the toroidal field coils. The field change imposed upon the 
toroidal field coils is reduced by at least a factor of 3.3 compared to 
the field of the plasma alone. The total volt-seconds requirement is 
185 Wb. 

Tritium processing and vacuum systems employ double containment to 
minimize releases. Cryosorption pumps are used for both plasma vessel 
and injector vacuum systems. Uranium beds and cryogenic distillation 
are used for purification of plasma exhaust; storage is accomplished 
using solid uranium, tritide. 
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Figure 2.1 is an elevation view of the reference design. Figure 
2.2 is a plan view. Selected parameters associated with this design 
are contained in Table 2.1. ORNL/TM-5042 and subsequent reference de-
sign documents should be consulted for more detailed and current 
information. 
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Table 2.1. Principal parameters of the Oak Ridge 
Tokamak EPR reference design 

(August 1975) 

Plasma 
Cross section circular 
Minor radius, m 2.25 
Major radius, m 6.75 
Aspect ratio 3.0 
Toroidal current, MA 7.2 
Field at centerline, T 4.8 
Neutral beam power, MW 100 
Accelerating voltage, keV 200 
Safety factor q(a) 2.5 
Burn time, sec 100 
Ripple at plasma edge ^2.5% 

Nuclear 

Blanket 
Maximum power rating, MW(th) 
Coolant outlet temperature, °C 
Coolant 
Coolant pressure, atm 
Thickness, m 
Breeding ratio (experimental 
modules only) 

Breeding material 
Absorber in non-breeding module 
Structural material 

Shield 
Thickness, m 
Composition 

450 
V370 
helium 
70 
0.515 
1.213 

natural lithium metal 
potassium 
316 stainless steel 

0.485 
stainless steel spheres, 
lead slab, borated water 

Electromagnetic 

Toroidal field coils 
Number 20 
Shape oval 
Horizontal opening, m 7.4 
Vertical opening, r* 10.2 
B at inner winding, T 11 

m a - v * 
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Table 2.1. (continued) 

Total magnetomotive force 
per coil, MA turns 

Stored energy per coil, GJ 

Superconductor 
Configuration 

Superconductor 
in the high field region 
in the moderate & low field region 

Total coil weight, lbs. 
Maximum centering force, 106 N 
Structure 

8 . 0 8 8 

1.71 

composite cable in a square, 
stainless steel conduit 

Nb3Sn 
NbTi in Cu and CuNi mixed-

matrix conductor 
237.95 x 103 

250 
stainless steel center buck-

ing ring and intercoil box 
beam bracing 

Poloidal field coils 

Conductors 
in the air core, decoupling, 

and VF trim coils 
in the shielding/VF coils 

Configuration 

Volt seconds, total, Wb 
in the air core, Wb 
in the vertical field coil, Wb 

NbTi in Cu and CuNi mixed-
matrix conductor 

normal Cu 
air core with minimum 

field at TF coils 
185 
130 
55 

Tritium handling 

Tritium 
Containment 
Purification 
Storage 

Vacuum 
Torus pumping 

double 
uranium beds 
solid uranium tritide 

40 1-m-diam ports 
40 cryosorption pumps 
Pumping speed 1,600,000 £/sec 
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Tabic 2.1. (continued) 

(ieiiL' ral 

Overall height, m 15 
Overall diameter, m 22 
Duty cycle, % >50 
Output power range 

driven system, MW(th) -400 
ignited system, MW(th) ^200 

Electric load, peak, MU v}00 
MVAR ^100 



2.3 RESEARCH AND DEVELOPMENT NEEDS 

Because design of an EPR represents a substantial extension of fusion 
reactor technology in many, if not all, of the involved disciplines, con-
siderable understanding and development must occur to establish a firm 
basis from which a successful final design for EPR can be derived. This 
section highlights some of the needed developments that range from fund-
amental research questions to systems applications of known techniques. 

Plasma Related 
Neutral beam injection systems capable of 150-200 keV 
and many tens of megawatts power delivery for times up 
to the burn time. 

• Fueling systems and methods capable of maintaining the 
desired plasma density during long burn times. 
Plasma skin depth. The factors controlling current pen-
etration must be understood so that th«* dynamic behavior 
of a tokamak can be predicted permitting knowledgeable 
design of the entire poloidal magnetics system. 
A system to control the plasma/material boundary inter-
action including suitable first wall materials, config-
urations, or divertors. 
A plasma shutdown system capable of handling the large 
stored energies in the plasma. 

• An understanding of the source and behavior of impurities 
and the consequences (impact on power balance) in a large 
hot plasma. 

• Particle and energy transport. Computer simulation may 
be helpful in this area, and experimental studies in 
next-generation devices should be valuable. 

Nuclear 
Ref'nement of analyses to improve the estimates of 
neutronic wall loadings, of the neutronic response 
of candidate first wall materials to the EPR spectrum 
(including helium production), and of the stress, stress 
gradient, and stress cycle loading on the first wall. 
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Criteria for acceptable radiation damage to the first 
wall and toroidal field coils. 

• Potential for an asymmetric blanket design. 
Impact of penetrations on need for shielding and influ-
ence on neutronics and energy deposition. 

Electromagnetics 
• Reliable superconductors, applicable structure, and 

cryogenics for combined Nb3Sn and NbTi toroidal field 
coils. 
High current density pulsed superconductors with accept-
able losses for the poloidal field coils. 
Protection systems capable of handling safely the tens 
of gigajoules stored in the magnetic field. 

• Analysis of the interrelated plasma and magnetic require-
ments on shielding systems (STATIC), limiters, and 
divertors. 
Energy storage, energy supply, and switch gear capabil-
ities consistent with plasma startup requirements. 
This specifically includes homopolar generators and 
switching compatible with the handling of gigajoule 
level energy on fractional-second timescales. 

Tritium Handling 
• Viable concepts for efficient, acceptable recovery of 

tritium from the blanket modules. 
Accelerated study of cryosorption pumping a.i develop-
ment of alternate methods. 
A viable, economic isotope separation system that will 
meet the EPR size requirements and permit recycling. 
Additional work on the behavior of tritium in the envir-
onment and the consequences of releases to aid in estab-
lishing final, criteria and designs for atmosphere 
cleanup systems. 
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Remote Maintenance 
• Fabrication and assembly tooling to provide the capability 

for remotely replacing any component of the reactor. 
• Remote inspection equipment £o ascertain that maintenance 

and assembly operations have been performed satisfactorily. 
Massive precision handling devices for remote assembly, 
disassonbly, and transfer of reactor subassemblies. 
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i. OBJECTIVES 

3.1 OBJECTIVES OF THE TOKAMAK EPR PROGKAM 

"i. 1.1 General Objectives 

The EPR has central role in the national tokamak. R&D plan1 as a 
key step in an orderly progression of major experimental devices cul-
minating in the first Fusion Power Demonstration Reactor Plant (Demo). 
The design and construction of EPR will incorporate experimental informa-
tion obtained from operation of PLT, PDX, ORMAK, and Doublet III. It 
will also benefit frutn experience in engineering technology development 
and construction derived from TFTR, TTA, and TTAP. The EPR will be the 
first facility to generate significant amounts of fusion-derived power 
and employ a high duty cycle. 

The general objective of the EPR program is to advance the science 
and technology required for commercial fusion power by providing on a 
timely basis: 

1) system operating experience and testing of components 
and subsystems for a larger demonstration plant to follow, 

2) an intermediate focal point for research and development 
programs, and 

3) large-scale testing of plasma physics scaling including 
D, T, and a particle effects. 

This general objective requires that the EPR program anticipates, confronts, 
and overcomes problems that would otherwise be encountered first in the 
Demo. It also requires that the EPR incorporates all essential features 
of the demonstration plant in a safe, reliable fusion power reactor whose 
experimental operation will resolve a substantial fraction of the remain-
ing problems in fusion technology . "ore commercialization. 

The need for plant experience in any broad technological development 
is generally recognized and accepted throughout government and industry. 
A statement of the objectives of such experience in the LMFBR program is 
also applicable to the EPR: " ... to demonstrate the licensability, opera-
bility, flexibility, safety, reliability, availability, inspectability, 
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maintainability, environmental acceptability, and economy.... Plant ex-
perience is acquired by design, construction, and operation of a succes-
sion of plan.s, progressing in size through reasonable extrapolations 
of technology until the commercial plant is reached."1»2 

In order to achieve in Demo the ultimate requirement for a power 
balance that permits efficient electrical power output, the following 
must be achieved for the first time in the EPR: 

1) plasma at or near ignition, 
2) production of fusion power with a high duty cycle, and 
3) recovery of significant amounts of fusion energy in a 

circulating medium at high temperature. 
Realization of the above characteristics in the EPR requires sig-

nificant extensions of current technology. The EPR is not only a 
stepping-stone to the Demo; it is also the focus of the tokamak devel-
opment program for the next several years. Information needed for 
confident EPR design will be defined to provide guidance for tokamak 
development programs and projects. 

Because of the dependence upon future developmental work, the risk 
analysis of EPR must proceed with a hierarchy of different vistas. For 
example, there must be firm assurance that the facility can operate 
reliably as a beam-driven device producing significant power. 

Successively higher risks (i.e., chances of failure) may be associ-
ated with higher gains such as ignition, successful use of a complete 
high-field superconducting magnet system, and low capital cost. 

The general objectives as stated do not include production of 
electrical power or net electrical power as a required characteristic 
of the EPR. Electrical power may be technically achievable but at added 
cost and with little apparent benefit to the technology. Net electrical 
power may also be achievable, but a determined effort to achieve it 
would entail significant technical risk and substantially higher capital 
costs. Adding electrical power generation to the objectives would simply 
increase the cost and is possibly justified; but adding net electrical 
power to the objectives would greatly increase the burden on the entire 
project, because of the greater size and design refinement necessary to 
assure this requirement. 
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Addi t iona l discussion of EPR object ives including operat ing power 

l e v e l s i s given in Appendix A. 

3.1.2 Specific Objectives 

It should be kept in mind that the EPR is based on a set of emerging 
technologies and that it is to provide prototypical experience upon which 
the Demo is to be designed. At this stage in the conception and design 
process, it is judged premature to set fixed specific objectives. It 
is considered more appropriate at this stage to define acceptable ranges 
of objectives from a minimum necessary level to a maximum reasonable 
level. Definition and selection of specific objectives will be accomp-
lished during the conceptual design process. It is considered that this 
strategy will ensure a balanced system design giving appropriate emphasis 
to the possible areas in which EPR can make significant contributions to 
fusion technology. 

Six major areas have been identified in which ranges of objectives 
have been established. These are listed in Table 3.1 together with a 
brief statement of the acceptable range of objectives. Within each 
range of objectives, "minimum" signifies the lowest achievement that 
could be called a success. The nominal or desired objective is clearly 
much above the minimum. The "maximum" objective, on the other hand, is 
the highest reasonable outcome from the EPR and will be the target point 
in each area. 

Specific objectives in the scientific, technological, and engineer-
ing areas are discussed in more detail in Appendix B. The EPR is expected 
to make major contributions to the Demo in these three areas. 



Table 3.1. Acceptable range of specific objectives for EPR 

Range of objectives 

Constituent area Minimum Maximum 

Scientific 
• Plasma dynamics 
• Fueling 
• Long pulse time 
• Scaling with size 

to obtain definitive 
information on scal-
ing and plasma 
dynamics 

to obtain sustained ig-
nition; implies achieve-
ment of long pulse time, 
fueling methods, and 
acceptable plasma dy-
namics and scaling 

Technological 
• Experimental 

blanket modules 
• Radiation damage 
• Shielding 
• Energy conversion 
• Superconducting 

magnets 
• Neutral beams 
• Tritium handling 
• Energy storage 

and transfer 

to satisfy the re-
quirements of specific 
experiments undertaken 
in each area 

to demonstrate techno-
logical practicality of 
generic, high-duty 
cycle, scalable proto-
type 

Engineering 
• Subsystem 

integration 

Programmatic 

to achieve a plant 
that operates safely 
and reliably 

to obtain an operat-
ing EPR facility com-
pleted at acceptable 
cost and schedule 

to obtain safe, reliable 
operation, attended by 
development of mature 
fusion engineering cap-
abilities (design tech-
niques, QA, safety, etc.) 

to accomplish goals at 
low cost; 1985 comple-
tion of construction 

Public Relations 

Industrial 
Participation 

to obtain construction 
and operation without 
public opposition 

to obtain support in 
selected areas of ex-
pertise through spec-
ific contracts 

to achieve a major con-
tribution to public 
acceptance and support 
of fusion power 

to obtain design, engi-
neering, and production 
by industry in a fashion 
similar to LWR's or CRBR 
in combination with spec-
ifications on selected 
items generated by the 
national laboratories 
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3.2 OBJECTIVES OF THE EPR SCOPING STUDIES 

The principal aims of the scoping studies are: 
a clearer definition of the magnitude, complexities, and 
uncertainties of tasks associated with an EPR that is to 
be operational in 1985, 
a technical basis upon which preconceptual design studies 
could proceed in FY 1976, and 
an assembly of the requirements for research and develop-
ment in support of the EPR. 

These studies addressed basic issues of the EPR: objectives, essen-
tial features, configuration and ranges of dimensions, research and 
development requirements for support of the design, and alternatives 
that must be examined until information for firm decisions becomes 
available. In each technology and design area, the scoping studies were 
oriented toward providing recommendations for a preliminary reference 
design that would serve as a common focus for preconceptual design 
studies at ORNL in FY 1976. In addition, the scoping studies were to 
identify theprincipal research and development needs associated with 
the EPR program. 



22 

REFERENCES 

Tokamak Fusion Reactor Research and Development Plan, ERDA 
Division of Controlled Thermonuclear Research, April 1975 
(draft). 

M. Klein et al., Report of LMFBR Program Review Group, ERDA-
January 1975. 



I J 

4. PLASMA ENGINEERING AND PHYSICS 

The essential function of the plasma in the EPR is to: 
• provide the system heat source. 
The essential functions of plasma engineering and physics in the 

EPR study are to: 
develop a method of determining the characteristics of 
a minimum-cost fusing plasma and 
determine the characteristics of both a minimum-cost 
fusing plasma and the necessary support functions. 

4.1 DEFINITION AND OBJECTIVES 

In this section the plasma, the plasma energy balance during opera-
tion, and the need for better understanding of the operating cycle are 
discussed. 

The plasma contains the reacting fuels that produce neutrons. The 
plasma's properties determine the electromagnetic fields needed for con-
tainment, the neutron flux produced, the resultant wall interaction, 
and the heating and pumping requirements. A plasma is an electrically 
quasi-neutral body of deuterons, tritons, alphas, electrons, neutrals, 
and ionized impurities. 

In order to calculationally simulate plasma behavior, static and 
kinetic point models have been developed to survey possible operating 
ranges and plasma dynamics during operation. Initial studies have also 
been made of neutral beam penetration, alpha particle orbits, fast in-
jected particle orbits, and pellet fueling. However, because of the 
very large extrapolation from present experiments, it is difficult to 
predict plasma behavior with accuracy, and it will remain so until 
further experimental scaling information is available. Emphasis in the 
modeling has therefore been placed on determining the sensitivity of 
size to changes in key parameters and the possible operating modes, 
rather than determining an absolute value for the size or justifying 
any particular chosen size. 
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In the case of the plasma, performance objectives rather than re-
quirements must be discussed. This is demanded by the basic uncertainty 
in extrapolating present-day plasma behavior to EPR-size systems. 

There are two basic operating modes possible for the EPR: beam-
driven and ignited. In the beam-driven mode, the plasma is established, 
contained, heated, and fueled in a controlled manner during startup, 
burn, and shutdown. The temperature, fuel density, and D-T rat.io 
should be high enough, and impurity level low enough, over an extended 
tine, that a large neutron flux will be produced by application of 
external heating. Thermonuclear fusion events and neutrons are produced 
both by beam-plasma* and plasma-plasma interactions. Driven operation 
will permit studies of the plasma physics scaling and heating in a 
large-volume, long-pulse plasma and will also produce enough neutrons 
to enable study of blanket and shield behavior. 

Operat ion even in this mode requires advances in plasma physics 
and engineering to control both large amounts of energy stored in the 
plasma and impuricy levels and to provide continuous heating and fueling 
during a relatively long, high-duty-cycle pulse. These problems will 
be addressed to a les6er degree in present-day machines (e.g., ORMAK and 
PLT) and in experiments planned for the late 1970's and early 1980's 
(e.g., PDX and TFTR). 

Under certain conditions2 the driven system may be useful in pro-
ducing net power. However, ignition systems are desirable in this 
application due to beam efficiency considerations and the limited 
theoretical maximum possible value (^4) for beam pewer amplification. 

Ignition, the second mode, requires no beam power contribution 
after an initial startup and thus implies the possibility of large power 
production and subsequently net electric power generation. Similarly, 
in the state of near-ignition, the plasma is energetically self-sustain-
ing due to the burn except for a relatively small beam power contribution. 
This will permit studies of the physics of a reactor-grade plasma and 
its control under long-pulse, high-duty-cycle conditions. It is neces-
sary to recognize that all plasma energy loss processes are not well 
understood. The role of transport losses and radiative losses (including 
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impurities) in determining the energy balance for large, hot plasmas 
is under active investigation and at present can only be predicted on 
the basis of crude models. 

In either operating mode, beam-driven or ignited, the information 
obtained is of direct value for a Demo. 

A.2 ANALYSES 

A static point model was used to analyze the sensitivity of quasi-
steady-state burn conditions to changes in basic plasma parameters. 
The model includes transport losses; the effects of impurities includ-
ing line radiation, bremsstrahlung radiation, and alpha particles; and 
neutral beam injection (including beam-plasma fusion events). Figure 
4.1 shows the reference parameters used in the sensitivity study. Fig-
ure 4.2 indicates the range of obtainable operating points depending on 
the temperature and N T„ attained in the device. At each value of N T_ e E e E 
the plasma target density composition is optimum for maximum power 
density production. Thus, when P„/P_, = 1 (where P^/P^ is the fraction r r r r 
of the fusion power produced in the background plasma as opposed to beam-
plasma reactions), ignition occurs and the corresponding ion density Is 
50% deuterium — 50% tritium. At lower values of N T_ the optimum back-e E 
ground plasma composition is predominantly tritium, and beam-plasma 
fusion events contribute to the fusion power produced. 

A major uncertainty exists in determining the plasma size required 
to attain a desired value of N T . Validated transport scaling laws do e t 
not exist and consequently it is not yet possible to "design" a future 
plasma to meet specified objectives. Theoretically predicted (albeit 
pessimistic) scaling laws have been used to estimate the size require-
ments here together with an indication of the sensitivity in the sizing to 
changes in the scaling laws. The model includes pseudoclassical, neo-
classical, and dissipative trapped-particle-mode transport processes. 
Figure 4.3 shows the plasma radius required to attain a temperature of 
8 keV and a given N T„. For example, N T_ = 2 x 10114 sec-cm-3 is attain-e E e E 
able (based on this particular model) in a system with the reference 
parameters previously shown and a ^2.75 m, if trapped particle scaling 
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Fig. 4.1 Reference plasma parameters used in EPR sensitivity study. 
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Fig. 4 .3 Plasma radius required to a t t a i n temperature of 8 keV for 
d i f f e r e n t t rapped-par t ic le loss c o e f f i c i e n t s . 
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is consistent with the model used.3 If the scaling is a factor of ten 
better than predicted, a ^ 1.35 m. 

A time—dependent point model has been used to follow spatially 
averaged plasma parameters during the heatup and burn phases of opera-
tion. The dynamic treatment is needed to determine how a given system 
approaches equilibrium and under what conditions it can be energetically 
maintained there. Transport coefficients, as described above, are in-
cluded and as the plasma collisionality changes during heatup, the 
appropriate regime dominates the transport losses. Spatial effects, 
such as reversed gradients and profile modifications to stabilize cer-
tain modes, are beyond the scope of this model and are being undertaken 
separately. Figure 4.4 shows an example of a particular system under-
going heating. Although ignition is not attained, steady state occurs 
due to the dominance of the trapped particle modes at approximately 
8 keV. Figure 4.5 is a schematic diagram of the power balance. Note 
that p-p refers to plasma-plasma interactions and b-p refers to beam-
plasma interactions. The electron and ion transport losses, P and 
P^,r> include both conduction and convection terms. Density is main-
tained through the addition of cold fuel. 

Available models were used to calculate the radial shape of fast 
ion deposition generated by neutral beam injection (tangential) and the 
loss regions in pitch angle space for 150-keV deuterons as well as 
3.5 MeV alpha particles.5,6 In the first calculation, it is shown (see 
Fig. 4.6) that 150-keV deuterons adequately penetrate a plasma of rad-
ius 2 m when injected tangentially. The implications of enhanced 
attenuation due to impurities and beam choking have not been included. 
In the second calculation (see Fig. 4.7), it was determined that the 
loss of fast injected deuterons due to large orbit excursions from a 
device with a plasma currert ^5 MA is minimal. The same conclusion 
cannot be drawn for the alpha particle case (feee Fig. 4.8). 3.5-MeV 
alphas produced at r/a > 0 . 6 can be lost due to orbit excursions. This 
analysis must be continued together with production profile determina-
tion and plasma response calculations. 

Progress has been made in the development of a model to describe 
the pellet fueling process. In this case the EPR would be fueled by 
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Fig. 4.4 Example of system undergoing heating. 
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a = 2 m 
Z c c c = 2 (CARBON) 

Fig. 4.5 Schematic diagram of typical power balance. 
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Fig. 4.6 Radial shape of fast ion deposition generated by neutral 
beam injection. 
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Fig. 4.7 Loss regions for deuterons in EPR. Pitch-angle space for 
counterstreaming particles is shown; coordinate values 
are given in terms of the corresponding particle energy. 
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Fig. 4.8 Loss regions for alpha particles in EPR. Pitch-angle space 
for counterstreamjng particles is shown; coordinate values 
are given in terms of the corresponding particle energy. 
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solid D2 or T^ pellets. A computer code that will model the deflagra-
tion and deposition of pellets injected into the torus on an arbitrary 
trajectory is being developed. In order that the pellet-plasma inter-
action will be analyzed self-consistently, the fueling code will be 

modular in design to permit coupling with the ORNL plasma transport code. 

The ripple, S = AB/B, produced by the finite number of toroidal 
field coils has been computed. This ripple destroys the ideal axisym-
metry of the configuration and leads to enhanced diffusion and alpha 
particle loss.7,8 A ripple of ^2-3% seems tolerable and is achieved 
in the EPR with 20 toroidal field coils. 

A.3 RECOMMENDATIONS FOR REFERENCE DESIGN 

At this time, the theoretical basis used to arrive at a reference 
plasma design should be straightforward and provide a machine size that 
is compatible with the operation of a reactor-grade plasma. However, 
at present, a proven relationship between attainable plasma parameters 
and system size does not exist for the type of device under considera-
tion. As such, the critical plasma parameters must be recognized, 
fundamental relationships between them used, and choices made consistent 
with expected results from ongoing experimental, theoretical, and 
developmental programs. This has been done and the recommended param-
eters for the reference design follow. (Figure A.9 shows the geometric 
relationships of several key parameters.) 

a) The plasma radius, a, is 2.25 m. For the present it may 
be assumed that the plasma fills virtually the entire 
chamber bore. This size is compatible with reactor-grade 
plasma operation and is suitable for a post-TFTR device 
as well. 

b) The distance between the plasma edge and the inner 
surface of the toroidal coils, where B occurs, is max 
given by A = 1.55 m. This dimension is a combination 
of shield and blanket thicknesses and engineering tol-
erances, and is approximately constant for the range 
of device sizes analyzed. 
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Fig. 4.9 Diagram of tokamak geometry. 



c) The aspect ratio, A, is 3. This choice is based 
primarily on the consequences of the increased volume 
and cost associated with A > 3 and of the engineering 
difficulties imposed upon all the elements of the 
design with A < 3. 

d) The safety factor, q, is greater than or equal to 2.5. 
The minimum value depends on the radial distribution 
of the current. This value requires improvements in 
steady-state behavior over present devices. 

e) The machine will be designed for a maximum toroidal 
field B = 11 T. Since an increase in B_ enhances max T 

confinement and hence performance, the highest prac-
tical field-strength is desirable. Magnets compatible 
with these requirements for size and field-strength 
are being developed. 

f) The total volt-second capability of the device will be 
about 185 Wb. This includes a margin of a factor of 2 
relative to known flux needs. 

g) The injection system will have the maximum capability 
of providing about 100 MW of 200-keV deutorons to the 
plasma. 

These parameters and others calculated from them are summarized 
Table 4.1 below. 

Table 4.1. Selected plasma-related design parameters 

Plasma radius, a (m) 2.25 
Major radius, R (m) 
Safety factor, q (a) 

6.75 Major radius, R (m) 
Safety factor, q (a) 2.5 
Maximum toroidal field, B m a x (T) 11.0 
Toroidal field on axis, B-p (T) 4.8 
Plasma current, 1 (MA) 7.2 
Plasma edge to winding distance, A (m) 1.55 
Volt-second V*s (Wb) 185 
Injection power capability, P (MW) 100 
Deuteron energy, E^ (keV) 200 
Number of toroidal coils, N 
Toroidal field ripple, 6(6 = 0, r = 

20 Number of toroidal coils, N 
Toroidal field ripple, 6(6 = 0, r = a 0 > •2.5% 
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4.4 RESEARCH AND DEVELOPMENT REQUIREMENTS 

Many decisions on fundamental plasma characteristics remain to be 
made. In order to make these decisions, both experimental and theoret-
ical input is required. Optimized plasma configuration, beta limitations, 
q limitations, MHD instabilities resulting in lower confinement times, 
appropriate scaling laws, heating and fueling methods, impurity behavior 
and radiation effects, procedures for starting up and shutting down a 
large plasma, and many others are all presently unknown topics (in the 
usual sense to an engineering designer) but are critical to the EPR. 
It is impossible to focus the main effort on the "most important" of 
these topics since they are all interrelated. Separately or collectively 
they have a marked impact on the ultimate design and operation of the 
EPR. 

There are theoretical and experimental programs (existing or pro-
posed) in the areas cited above. A description of the complex set of 
related programs that will provide input to the EPR design will be con-
tained in the final version of the "Tokamak Study — 1975 Fusion Reactor 
R & D Plan (DRAFT)" being prepared by the Division of Controlled Thermo-
nuclear Research, ERDA. Most importantly, the EPR design process must 
be such that it can incorporate new information from the related pro-
grams efficiently as it develops. This is accomplished by coordination 
of the disciplines involved and by developing and updating system models 
that reflect the understanding and implications of more fundamental 
findings in theory and experiment. 

A plasma confinement system is required that operates for tens of 
seconds with a high-duty cycle, N x_ > lO1*4 cm~3-sec, and T, ^ 10 keV. A e E i 
tokamak plasma with a minor radius of 2.25 m is considered to be capable 
of attaining these Ne

Tg and T^ parameters. Based on this assumption, 
several development requirements are clear, since the operation of such 
a system places demands on the performance of associated equipment. 
Areas where careful consideration is needed include: 

a) A neutral beam injection system that is capable of 
efficiently delivering ^100 MW of 150-200 keV 
deuterons to the plasma during operation. 
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b) An energy storage capability (or supply) consistent 
with plasma startup requirements. 

c) A fueling system capable of maintaining plasma density 
during a long burn with potentially high diffusion 
losses. 

d) A system to control the plasma-material boundary inter-
action. Possible alternatives are a divertor, a neutral 
gas blanket, or a suitable first wall material that can 
tolerate contact with the plasma. 

e) A plasma shutdown system capable of dissipating or 
recovering the large stored energies associated with 
the plasma and electromagnetic fields. 

f) A detailed understanding of dominant plasma transport 
processes and external methods of influencing and con-
trolling them. 

g) The source and behavior of impurities and their conse-
quences in a large hot plasma (impact on power balance). 
This includes possible control methods. 

h) Overall systems for handling the large energies asso-
ciated with a plasma of the size envisioned. 

This is a selective list restricted to areas directly associated 
with plasma operation. There are many other developments required in 
areas of less overall significance. Since the EPR design process is 
intended to culminate in a major operational device in the mid-1980's, 
details of engineering and physics must be analyzed in a manner consis-
tent with that goal. 

The concluding table is intended to show plasma-related areas that 
must be examined in detail. An asterisk (*) denotes those that have 
been included in the scoping study. A dagger (t) indicates present de-
sign choice. Table 4.2 is included only as a catalog and will be ex-
panded as the design progresses. 
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Table 4.2. Plasma engineering and physics scoping areas 

Included Design 
in this studv choice 

Plasma startup 
Preionization 
Plasma current rise time * 
Energy storage requirements * 
Energy deposition (wall, limiter) 
Stability, MHD effects 
Cross-section control 

Cur ent driving system 
Transformer design 

air core * + 
iron core * 
combination * 

OH coils 
superconducting * + 
normal * 

Energy/power requirements 
Imposed fields * 
Electromagnetic field shielding * 
Coil locations * 

Equilibrium coils 
Time constant of structure with electrical breaks * 
Programming requirements 
VF coils 

superconducting * 
normal * + 

Plasma heating 
Ohmic system * t 
Neutral beam system + 

efficiencies * 
power and energy * 
gas loading 
choking 
impurity trapping 
deposition shape * 
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Table 4.2. (continued) 

Included 
m this study 

Design 
choice 

direct conversion 
thermalization 
classical instabilities 

Rf 
Compression 
Turbulent 

Fueling 
Neutral beams 
Pellets 
Clusters 
Gas blanket 

Boundary region design 
Divertor 
Gas blanket 
Wall configuration 
Material choice 
Low-Z protection 
Limiter 

mechanical 
magnetic 
none 

Equilibrium and stability 

Impurity behavior 
Sources 
Control 
Ionization state distributions 
Effect on energy balance 
Transport 
Limitations on burn time 

* 
* 

* 
* 

t 
t 

* 
* 
* 
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Table 4.2. (continued) 

Included 
in this study 

Design 
choice 

Plasma transport processes 
Pseudoclassical 
Dissipative trapped particle 
Neoclassical (ion conduction) 
Bohm 
MUD 

Plasma shape 
Circular 
Elliptical 
Doublet 

Plasma shutdown 
Energy recovery and handling 
S and q control 
Equilibrium and stability 
Quenching methods 
Purging and pumping system 

Plasma dynamics 
Operating strategies 
Burn time 
Fueling requirements 
Beam-driven 
Near-ignition 
Net power operation 
Hybrid operation 
Duty cycle 
Tokamak FERF 

* 

* 

* 

* 
* 
* 

* 
* 

* 

* 

* 

* 

Note: The symbol * denotes an area that has been included in the 
scoping study; the symbol + indicates a present design choice. 
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5. NUCLEAR SYSTEMS 

The essential functions of the EPR nuclear systems are to: 
• Intercept electromagnetic radiation and particles leav-

ing the plasma and convert this energy to heat. 
• Protect components located further away from the plasma 

from excessive heating and radiation damage. 
• Provide the primary vacuum envelope. 

Another important objective to be accomplished in at least some sections 
of thi» blanket in the EPR is the production of tritium; this is an im-
portant experimental objective but not esseccial for plant operation. 

5.1 BOUNDARY 

5.1.1 Definition and Requirements 

The heading of "boundary" deals with the interface between the 
plasma and the walls. 

xhe vacuum envelope is included under "boundary" since the first 
wall constitutes a vacuum vessel. The primary vacuum chamber, whether 
it is a separate vessel or joined blanket sections, must meet the usual 
requirements of high vacuum systems (i.e., it should be leakproof and 
bakeable and have minimal leaks) within the special constraints of tok-
amak reactor application (low overall electrical conductivity, remote 
disassembly capability, etc.). 

The inner walls that interface with the plasma must accommodate the 
absorption of ionizing particles and non-penetrating radiation in such a 
way as to minimize the consequent introduction of impurities into the 
plasma. The minimum requirement imposed by the basic goals of the EPR 
is that the first wall safely handle the cyclic heat loads (on the order 
of a hundred megawatts) while limiting impurity influx to the plasma to 
a rate that permits fusion pulses of at least moderate length (many 
tens of seconds). A design objective is that the maximum anticipated 
EPR he£f loads should be reliably handled while plasma impurity influx 
should be limited to inconsequential levels, using configurations and 
materials that can be adapted to higher power reactors. 
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A wide variety of design features and materials has been considered 
to accomplish energy handling and impurity control in tokamak reactors. 
There are two general categories of proposed solutions to the impurity 
control problem. One is to accept the wal l-directed particle flux and 
incorporate measures to minimize adverse effects; the other is to mini-
mize wall bombardment by diversion of escaping particles or by control 
of the plasma position away from walls.1 In any case, the boundary 
carries basic constraints on material selection and design. The bound-
ary 

1) must receive and transport heat at fluxes that cycle 
from zero to a maximum during each fusion pulse; 

2) must be reliable, sufficiently long-lived, and main-
tainable to minimize associated plant downtime; 

3) must minimize adverse effect of impurities in the body 
of the discharge (« H-j-Z2) ; 

4) should be conducive to desired plasma conditions of 
temperature and density in the near-wall region; 

5) should occupy minimum space; 
6) should require minimum power for operation; and 
7) should minimize capital costs and operating cos's. 

5.1.2 Consideration of Possibilities 

EPR scoping studies during FY 1975 considered boundary concepts in 
each of the categories listed in Table 5.1. This included studies of 
impurity collection on surfaces and the redistribution of wall materials 
in tokamaks through wall interaction with plasma and associated radia-
tion sources. Other work was concerned with the effect of the wall 
geometry on reflection of particles back into the plasma-wall boundary 
region; e . g . , effects of honeycomb walls on sputtering and particle 
reflection were studied by computer modeling.2 

It appears that the EPR should incorporate some effective, practical 
combination of features listed in Table 5.1; those deemed worthy of con-
sideration in the conceptual design study are as indicated. The evalua-
tions leading to these conclusions are represented schematically in 
Table 5.2. A discussion of each concept follows. 



Table 5.1. Plasma boundary concepts 

Suitability 
Concept for EPR& 

Divertors x fa 

Mechanical limiter V 

Magnetic shaper V 

Special wall geometry V 

Special wall material V 

Gas blanket D fa 

Vertical gas flow D fa 

Judgment regarding further con-
sideration in EPR conceptual design: 

X : eliminated after initial 
consideration 

V : selected for further study 
D : not eliminated, but further 

consideration deferred. 
^At least until experimental re-

sults are available and evaluated. 



Table 5.2. Evaluation of p l a s m a boundary concepts for EPK 

Factors 

Technically Capital Practically Material Cooling or Increased feud/ Vacuum 
Concept choices feasible cost replaceable capability power required fuel requirement compatibility 

Divertor 
Poioidal D X X 0 X X V 
Toroidal 0 V D D X X V 
Bundle D V V D X X V 

Mechanical limiter 
Toroidal V V V V X V V 
Poloidal V V V V X V V 
Point V V V D X V V 

Magnetic shauer V X X V X V V 

Wall geometry V V V V V D 0 

Wall composition D V V D V D D 

Gas blanket D V - V D X D 

Gas flow reversal 0 V X V V X D 

V, f a v o r a b l e ; X , u n f a v o r a b l e ; unknown or u n l i k e l v t o b e favorable. 
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Divertors. In tokamak application, divertors are conceived of as 
possibly performing two distinct functions in impurity control — 
"scrape-off and dumping" and "shielding."1 There are major uncertain-
ties in either function, but the divertor idea is one of the prime can-
didates for ameliorating the impurity problem in cokamaks. Several 
configurations are under consideration, all involving problems associ-
ated with large currents to be carried relatively close to the plasma 
and with intense heat fluxes to be dealt with in the dump areas. 

A toroidal divertor was employed effectively in the Princeton 
Plasma Physics Laboratory Model C Stellarator, but this type of divertor 
can only be fitted into tokamaks with straight sections, i.e., asymmetric 
tokamaks. Asymmetry introduces the undesirable feature of super-banana 
plasma diffusion. The recent TEXTQR Proposal oy KFA Julich is presently 
unique in giving consideration to a toroidal divertor. 

Investigation of poloidal divertors is being actively pursued, but 
the effectiveness of such divertors will remain uncertain until demon-
strated experimentally. These divertors may be complicated and costly 
in terms of space, engineering, and operational demands. The first 
information on poloidal divertors will become available soon from a 
small experiment, the JAERI JFT-2A. More definitive data from larger 
experiments (the Garching Laboratory ASDEX and the PPPL PDX) will be 
forthcoming about 1979. The DCTR tokamak plan calls for operation of 
an optimized "EPR prototype" divertor in PDX to begin providing inform-

_ation in FY 1981. 
Bundle divertors require large currents but occupy less space than 

poloidal divertors. Because the diverted layer is focused onto a rela-
tively small area, special features (rotating targets, for example) are 
required to handle heat removal, which may be impractical in power 
reactors. Another unanswered question is the effect on the plasma of 
the divertor's magnetic perturbations. First results of testing such 
divertors in the Culham Laboratory DITE device should be avail-
able by the end of 1975. 

Mechanical Limiters. Toroidal limiters, such as those commonly 
used on present-day tokamaks, work quite well. The main problem is 
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runaway electrons that cause evaporation of surface mater ia l and subse-

quent r e d i s t r i b u t i o n on wa l ls . Even i f not used as the pr inc ipa l l i m i t -

ing device in EPR, such l i m i t e r s could be used as backup safety devices 

tu prevent v io lent plasma motions toward the w a l l . 

Poloidal l i m i t e r s have not yet been used, but in p r inc ip le hold the 

promise of reducing damage and plasma contamination by d i s t r i b u t i n g the 

lieat load over a wider area than toro ida l l i m i t e r s . The i n s t a l l a t i o n 

of poloidal l i m i t e r bands on the inside and outside of the plasma region 

could be the simplest so lut ion to the l i m i t e r requirement. 

Point l i m i t e r s , such as ro ta t ing l i m i t e r s , also show promise. These 

l im i te rs give r ise to an intense local generation of sputtered and evap-

orated impuri t ies and therefore seem to be best applied in combination 

with a d i v e r t o r . 

Magnetic Shaper. Magnetic shapers work by d ive r t ing f i e l d l ines to 

l i m i t e r regions. Thus they are a cross between a d iver tor and a l i m i t e r 

and, l i k e a d i v e r t o r , involve large currents and intense heat f luxes . 

Unlike a d i v e r t o r , there is no associated pumping system. Experience 

with a magnetic shaper w i l l come from the JAERI JT-60 device, beginning 

about 1980. 

Special Wall Mate r ia ls . The primary purpose i n considering mater-

ia ls other than the usual s t r u c t u r a l metals is to reduce the e f f e c t of 

impurit ies that enter the plasma from the w a l l , which is a function of 

sputter ing y ie ld and atomic number. Because low-Z atoms are less dele-

ter ious to the plasma, there is an incentive to use low-Z w a l l mate r ia ls . 

The pr inc ipa l problems (or questions) are high sput ter ing y i e l d s , chem-

ica l a c t i v i t y (wi th hydrogen), and rad ia t ion s t d b i l i t y . High-temperature 

mechanical propert ies are also of c ruc ia l importance in many appl icat ions 

( l i m i t e r s , d iver tor dumps, and l iners cooled only by thermal r a d i a t i o n ) . 

In l ight of the special requirements on mater ia ls for w a l l s , l i n e r s , 

or l i m i t e r s , the scoping studies considered various candidate mater ia ls 

as indicated in Table 5 .3 . In th is l i s t i n g , the appl icat ions considered 

for various candidate mater ia ls are l i s t e d in the l e f t -hand column and 

q u a l i t a t i v e evaluations of various charac ter is t ics are indicated. 



Table 5.3. Qualitative evaluation of candidate plasma-wall boundary materials 

Consideration i-i ai >» c u ai to
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candidates < U 3 t-i oi J3 oi to O •!-> z rt h-1 a. X Hi u a: rt H u 

Bare wall 
Stainless steel 2 6 V D V V V V V V D V 5 5 0 V 

Molybdenum 4 2 V V V V V V V V V V 1 2 0 0 V 

Niobium 4 1 V V V V V D V V V V 1 1 0 0 V 
Aluminum 1 3 V 0 D D V V D D V V 2 0 0 V 

Coated wall (on stainless steel) 
Gold 79 V D D V V V V D V V 5 5 0 V 

Silicon carbide 1 4 , 6 D D V V D V D V D V 5 5 0 V 

Silicon nitride 1 4 , 7 D D V V D V V V D V 5 5 0 V 

Tungsten 7 4 V V V V V V V V D V 5 5 0 V 

Carbon 6 D D V x*> D V XC V D V 5 5 0 V 

Tungsten carbide 7 4 , 6 D D V V D V D V D V 5 5 0 V 

Honeycomb wall 
5 5 0 Stainless steel 2 6 V V V V V V V V V V 5 5 0 V 

Molybdenum 4 2 V V V V V V V V V V 1 2 0 0 V 

Tungsten 7 4 V V V V V V V V V V 1 6 0 0 V 

Titanium 2 2 V V V V V V V V V V 8 0 0 V 

Niobium 4 1 V V V V V V V V V V 1 1 0 0 V 

Micro-honeycomb wall (on stainless steel) 
Zirconium carbide 4 0 , 6 D D V V D V D V V V 5 5 0 V 

Zirconium nitride 4 0 , 7 D 0 V V D V V V V V 5 5 0 V 

Tungsten carbide 7 4 , 6 D D V V D V D V V V 5 5 0 V 
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Limiter 
Tungsten 
Molybdenum 
Niobium 
Tantalum 

6 D D V X6 x e V x c V V V 2000 V 

4 V D 0 D V V 0 V V D 800 D 

1 4 , 6 D 0 V V D V V V V V 1 5 0 0 V 

8 , 4 D D V V D V D V V V 1 5 0 0 V 

74 ,6 D D V V D V D V V V 2200 V 

4 0 , 6 D D V V D V 
t 

D V V V 2 4 0 0 V 

7 4 V V V V V V V V V V 1600 V 
4 2 V V V V V V y V V V 1200 V 
4 1 V V V V V V, V V V V 1100 V 

7 3 V V V V V X V V V V 1 4 0 0 V 

Carbon 
Beryllium 
Silicon carbide 
Beryllium oxide 
Tungsten carbide 74,6 U L) V V u v u » ^ » ^ ^ 
Zirconium carbide 

ui 



Table 5.3. (continued) 

Notes for Table 5.3: 

*V. favorable; unfavorable; D, unknown or unlikely to be favorable. 

Low density carbons rapidly densify to 2.1 g/cm3 when exposed to fast neutron fluences of about 
1 y lO20 nvt (E > 0.18 MeV), then additional anisotropic growth occurs if there exists any anisotropy 
in the structure. The net effect is a marked shrinkage of several percent, which is difficult to 
accommodate in the design. 

^arge quantities of helium are produced in carbon from the n,3a reaction. 

^"Liner" here is meant to include both thin walls (curtain or shingles) and thicker, separate com-
ponents (such as ISSEC and partial ISSEC concepts) intended to reduce neutron damage to the blanket 
behind them. 

£ 
Graphites as normally produced are highly porous and contain relatively large quantities of H2 and 

H20 making vacuum outgassing difficult. 

^All of the refractory metals listed for limiters are intensely radioactive after extended service 
in the EPR; however, tantalum is considerably worse than the others. 



Special Wall Geometry. The effects of sputtering can be reduced 
if a large fraction of the sputtered particles is trapped instead of 
entering the plasma. This may be accomplished either by special surface 
textures (scribed patterns, for example) or a "honeycomb" liner. 

Gas Blanket. Conceivably, gas blankets offer significant potential 
benefits,^ but so little is known about gas blankets in large tokamaks 
that no evaluation can be made. Existing (small) devices will not sus-
tain the introduction of excess gas without going disruptively unstable. 
Thus incorporation of a gas blanket in the EPR cannot be justified by 
extrapolating present operating experience. 

Vertical Gas Flow. The theory of Ohkawa indicates that it may be 
possible to reverse the tendency of heavy ions to diffuse inward by 
application of poloidally asymmetric hydrogen flow. However, the 
applicability of the theoretical model to impurity flow is open to 
question, and whether or not this technique will work must be proven by 
experimental tests in ISX.3 Its use would require axisymmetric high-
speed local pumping. 

5.1.3 Recommendations for Reference Design 

The scoping studies led to the following recommendations for the 
EPR reference d 

esign at the beginning of the Fit 1976 studies. 
The reference design should not include a divertor. A poloidal 

divertor would be the leading candidate, but it is not recommended at 
this time because (1) simpler impurity control measures may prove ade-
quate, (2) the problems and effectiveness of such divertors are as yet 
unexplored experimentally, and (3) incorporation of a divertor in the 
EPR would entail substantial increases in size and cost. If benefit 
analyses based on experimental results from PDX (not expected until 
1979) show that a poloidal divertor is both effective and preferable to 
simpler impurity control measures, the EPR design would be changed to 
include a divertor. This possibility should be retained during the 
preconceptual and conceptual design, but should be given only secondary 
importance in design decisions. If DITE results (expected by the end of 
1975) show that bundle divertors are feasible, an evaluation should be 
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made at that time of the practicability of their use in the EPR. To-
roidal divertors should only be considered seriously for the EPR if new, 
favorable evidence is developed indicating their feasibility in tokamaks. 

At present, neither gas blankets nor vertical gas flow can be relied 
on for impurity control in the EPR. Therefore, the reference design 
should not include these features. 

In the reference design, the problems of providing a suspended 
liner should be confronted. Possible solutions are a honeycomb, 
shingles of low-Z material, or a graphite cloth curtain. Alternatively, 
the surface exposed to the plasma could be simply the structural wall of 
the blanket, with a surface material and finish designed to minimize 
plasma impurities. 

A poloidal limiter of refractory metal should be included. The 
limiter should be designed to handle normal loading with minimal effects 
and a number of abnormal operating occurrences without serious damage. 
Toroidal limiters should be provided only as backup protection for the 
wall in case of violent plasma motion. In the event limiters are in-
cluded in the design, effort would be required to determine acceptable 
means of providing the requisite cooling requirements. 

5.1.4 Principal Development Requirements 

Impurity Control and Boundary Effects. The major experiments in 
this area (ISX and PDX) must proceed vigorously to provide timely in-
formation on the effectiveness of impurity control methods for use in 
EPR. An evaluation of the gas flow impurity reversal technique on the 
basis of ISX results is scheduled for FY 1978; an evaluation of divertor 
effectiveness in impurity control in PDX, for FY 1979. In a 1985 EPR 
schedule, both evaluations will occur after EPR authorization is re-
quested but before initiation of Title 1 design. If at that time it is 
decided that a divertor should be incorporated in the EPR, test results 
from a prototypical divertor in PDX can be available in FY 1981. 

Basic Data on Materials. Currently available information is insuf-
ficient for a firm choice of material for a suspended liner (honeycomb, 
shingles, or curtain). The requirements for a liner material are listed 
as characteristics in Table 5.3. 
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Basic data are available on the high-temperature stability and 
thermal shock resistance of a wide variety of materials, but more in-
formation is required on sputtering rates of candidate materials under 
simulated EPR conditions. An extensive program is required to evaluate 
sputtering and blistering rates of various candidate materials (e.g., 
SiC, ZrC, WC) when exposed to 1-10 keV H° and He0 particles at differ-
ent. angles of incidence. In addition the effects of material structure 
and surface preparation must be assessed. The possibility of chemical 
sputtering of carbon and compounds containing carbon needs to be exam-
ined. The hot outgassing tendencies of materials most resistant to 
sputtering must be evaluated. Finally, the irradiation resistance of 
optimum materials to fast neutrons must be determined, since a low 
resistance could limit the service life of the material. 

Additional information is required on particle fluxes and heat 
fluxes to the liner material. The flux intensities and energy distri-
butions are required for all species emitted by the plasma including 
plasma and impurity ions and neutrals, electrons (including runaways), 
and photons of all types. 

The major questions concerning resistance of materials to plasma-
wall interaction are being addressed by the DCTR Materials Program under 
the title "Surface Radiation Effects," with work now under way at sev-
eral national laboratories and universities. The most immediate mile-
stone for the program is to determine sputtering and erosion rates for 
incident neutrons, charged particles, self-ions, and neutrals for EPR 
conditions by 1979. Since neutron chunk sputtering is not now considered 
a serious problem, emphasis should be redirected toward finding the com-
position and structures most resistant to plasma-wall interactions. 

The bulk radiation effects program should be expanded to include 
non-metals of interest as liner materials. 

In-service Materials Testing. The Impurity Study Experiment (ISX) 
Program, currently being conducted by ORNL and GAC, needs to be pursued 
to extend the basic materials work to an actual tokamak environment. 
Improved measurements of the characteristics of the plasma surface 
region and the nature of the surface radiation sources are also required. 
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5.2 BLANKET AND SHIELD 

5.2.1 Definition and Requirements 

Conversion of neutron and gamma ray energy into useful heat and 
protection of the toroidal field coils and outlying components from 
heating and radiation damage are functions of the blanket and the shield. 
Both a blanket and a shield are used because the blanket, which is de-
signed to recover heat at high temperature, is more expensive and space-
consuming as a neutron-gamma attenuator than is the shield, which is a 
low-temperature region of materials selected specifically for that pur-
pose. The heat recovery function requires attenuation of the energy 
flux by a factor of ten or so, but the total attenuation must be much 
greater. For these reasons, it is logical to provide an inner, high-
temperature region (the blanket) to recover most of the energy and afford 
some attenuation. An outer, low-temperature region (the shield) affords 
the remainder of the required energy attenuation. It is desirable that 
the blanket be wrapped closely about the primary vacuum chamber to min-
imize the blanket volume. The shield is located between the blanket and 
the TF coil windings to reduce the energy incident on the coils to 
acceptable levels. Additional shielding, to provide biological protec-
tion, can be located between and outside the TF coils. 

To attain a reasonable energy conversion efficiency in the EPR, the 
blanket must absorb a fairly high fraction of the neutron energy. The 
absorption of this energy must raise the temperature of the blanket high 
enough to permit efficient use of the blanket coolant in a heat engine 
to produce electrical power. Heat generated in the blanket must go 
predominantly into the coolant, with only a small fraction escaping to 
the components adjoining the blanket. 

When EPR power operation begins, the blanket will quickly become 
highly radioactive Que to neutron reactionsi thus, a reliable and com-
pletely remote means of assembly and disassembly of the blanket and 
shield must be tested and provided. The blanket will be so massive 
that modular construction will be essential. The blanket modules must 
be designed to facilitate to the highest possible degree the 



remote assembly of these units. Assembly involves mechanical clamping, 
welding of components in difficult geometries and cramped quarters, 
making coolant connections, and similar types of operations. The reverse 
of these operations for disassembly and removal of the modules must also 
be practicable. 

Radiation damage rates fall off rapidly with further penetration 
into the blanket. Therefore it would be desirable, in a high power 
reactor, that the first wall and inner section of the blanket be inde-
pendently replaceable. This involves making the inner portions detach-
able from the surrounding blanket segments by remote means. Because it 
is expendable, this inner section should be designed with economy in 
mind. Since the radiation damage rates are lower in EPR than in a 
commercial reactor and the service life is less, it may not be mandatory 
that the EPR blanket have a replaceable inner wall. However, it would 
be desirable that at least one such segment be included as a prototype 
for subsequent power-reactor blanket application. 

Tritium consumption during power operation of the EPR can probably 
be supplied entirely from other sources, in which case it will not be 
absolutely necessary that the EPR breed tritium. However, since a 
thermonuclear power economy based on the D-T cycle demands that tritium 
be produced in commercial fusion reactor plants, the blanket design for 
the EPR must permit the inclusion of tritium production experiments 
without major redesign. The blanket modules should therefore be de-
signed so that tritium-producing modules, with separate cooling systems, 
can be substituted for the standard modules at one or more locations. 

Insofar as would be consistent with reliability and economy, the 
design of the EPR blanket should be extrapolatable to meet full power 
station requirements. 

The shield must provide sufficient attenuation of the neutrons and 
photons coming from the blanket to protect the TF coil windings. The 
attenuation must be adequate to limit the heat deposition in the coils 
to acceptable levels and to prevent the nuclear radiation from causing 
an unacceptable level of radiation damage. 

Design constraints and requirements for the blanket/shield can be 
summarized as follows: 
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1) The structural material, filler material, and coolant 
must be fully qualified and commercially available. 

2) The design must be compatible with remote assembly. 
3) The inner wall must be replaceable if radiation damage 

requires it. 
4) Adequacy of heat transfer, allowable stress, and cool-

ant pumping power must be assured. 
5) Criteria for heat recovery, shielding, and breeding 

must be met. 
6) These functions must be accomplished at minimum cost 

and with minimum space requirements. 

5.2.2 Consideration of Configurations 

The FY 1975 scoping studies first determined viable blanket concepts 
from a wide range of possibilities and then focused on the most promising 
concept. 

The study began by screening the various materials that might be 
used for each constituent blanket function. A summary of this evaluation 
is shown in Table 5.4. Reasonable combinations of these constituents 
were then incorporated into various blanket concepts. 

Seven different blanket concepts were originated; Table 5.5 briefly 
identifies each. In each of the seven cases, the blanket concept was 
developed sufficiently to answer crucial questions of dimensions and 
performance. However, only two, EPR-1 and EPR-7. were carried through 
detailed thermal-hydraulic analyses. The first concept, EPR-1, is a 
simple non-breeding unit, adequate only for rather low-wall loading. 
The other, EPR-7, is suitable for either a basic heat-removal unit or 
for breeding experiments. Table 5.6 displays in matrix form the qual-
itative considerations used to evaluate these seven concepts for the 
blanket. 

In evaluating blanket performance, it was established as a design 
criterion for the EPR that a large fraction (90% or so) of the fusion 
energy be converted into high-availability heat in a circulating thermo-
dynamic medium. 
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Table 5.A. EPR blanket scoping study elements 

Candidate materials 

Structure 

Stainless steel 
(V-l) 

Aluminum or SAP 
(X-l) 

Refractory metals 
(X-2) 

Liquid filler 
-.a Liquid metal 

Stagnant (V) 
Circulating (X-4) 

Molten salt 1̂ 

Stagnant (X-3) 
Circulating (V-2) 

Water, circulating (X-l) 

Coolant /solid filler 

Helium (V) 
Stainless steel (V) 

Molten salt*3 (V-2) 
Graphite (V) 
B^C (V-3) 

Liquid metal (X-4) 
Beryllium (V-4) 
BeO (X-5,6) 

Water (X-l) 
LiA102 (X-5,6) 

V: Selected for further EPR studies. Specific points requiring 
further consideration are indicated in the notes below. 

1) Temperature limitations due to compatibility, mechanical 
properties. Stainless steel type 316 probably adequate up to ^500°C. 

2) High melting point; effect of induced electromotive force on 
corrosion (mass transport); inventories of scarce materials. 

3) Not applicable to breeding blankets, but useful in EPR non-
breeding blanket sections. 

4) Swelling under irradiation; resources limit use in full-scale 
fusion power economy. 

X: Eliminated after initial consideration. 
1) Low temperature limit rules out use in efficient plants beyond 

EPR. 
2) The accelerated development required for application in 1980-85 

time frame is not compensated by advantages relative to stainless steel. 
3) Low thermal conductivity greatly complicates first wall cooling. 
4) MHD effects require complex design, possibly high pumping power. 
5) Uncertainties in swelling behavior. 
6) High tritium inventory. 
^Breeding modules require Li, either natural or enriched in 6Li. 

In non-breeding modules, K or NaK could be substituted. 
^Of many candidate salts, FLIBE (LiF-BeF2) is the only system having 

a combination of all properties important in nuclear applications. 
q 
A more thorough evaluation of coolant issues has been conducted 

and different conclusions can now be drawn and supported. See ORNL/TM-
5575, November 19 76, for that information. 
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Table 5.5. Description of blanket concepts 
considered in scoping studies 

Concept Description 

EPR-•1 B^C and stainless steel solid absorbers as spheres 
cooled with low-pressure helium. 

EPR--2 B^C and stainless steel canned absorber cooled with 
high-pressure helium. 

EPR-•3 Circulating FLIBE as coolant and absorber with unclad 
graphite spheres as reflector. 

EPR--4 Circulating FLIBE as coolant with canned supplemental 
absorber of lithium and beryllium metal. 

EPR--5 Static Li absorber with high-pressure helium coolant. 

EPR--6 Static Li absorber with high-pressure helium coolant. 

EPR-•7 Static Li absorber with graphite reflector Between two 
lithium regions. High-pressure helium coolant. 
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Table 5.6. Qualitative evaluation of blanket concepts 

Blanket type EPR-1 EPR-2 KPR-3 EPR-4 EPR-5 EPR-6 EPR-7 

Fabrication V X V V V V V 

Temperature 
distribution V v 

A V V V V V 

Cool'.nt 
manifolding V V 

A 
\! 
w V V V V 

I'iner wall 
cooling V V V V V V V 

Power 
limitation * X V V V V V V 

Material 
availability V V X X V V V 

Coolant 
pumping power V D V V V V V 

Breeding 
gain N A N A X V X X V 

Tritium 
recovery N A D D D D V V 

X These characteristics make the design concept unacceptable. 
V These characteristics are acceptable. 
D These characteristics are unknown or unlikely to be favorable. 

N A These characteristics are not applicable. 
* Limited to ^ . 2 MW/m2 neutron wall loading. 
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In summary, the FY 1975 scoping study led to the conclusion that a 
successful breeding blanket for a thermonuclear machine can be made 
within the constraints of both available materials and technology. 
However, the need for development of advanced materials technology limits 
the number of blanket and shield concepts that can be seriously consid-
ered for application in the EPR. 

5.2.3 Consideration of Structural Materials 

As indicated in the preceding section, the blanket structural 
material must be chosen in conjunction with the choice of coolant and/or 
breeding materials to achieve the desired performance of the energy con-
version system. However, because so many considerations are involved in 
the selection of structural material, this subject is treated separately 
here in greater detail. 

The selection process for structural materials meeting the specific 
needs of the EPR was initiated with the scoping studies In FY 1975. The 
following are highlights of this stage of the work: 

Preliminary lists of candidate structural materials 
were developed and their implications on EPR perform-
ance cons ider ed. 
Type 316 stainless steel was tentatively identified as 
the reference material for use in blanket structures. 
Criteria were developed for qualitative comparison of 
candidate materials with the reference material. 

• As radiation effects (especially the effect of neutron-
ically generated helium on ductility at service temper-
atures or during temperature excursions) are judged to 
be an important limitation on service temperature, a 
preliminary design of an experimental irradiation pro-
gram to investigate this question in type 316 stainless 
steel was developed. 

In the development of lists of candidate materials the following 
considerations were taken into account: 



flA 

Design Limitat ions on S l ructura l Mater ia l . The s t ructura l mater ia l 

is required to operate r e l i a b l y , to be replaceable in the event of a 

f a i l u r e , and to contain the coolant and moderator while maintaining the 

required pur i ty in the plasma vacuum chamber. The s t ruc tura l mater ia l 

must operate under cyc l ic loading conditions determined by the system 

requirements. In addi t ion , heat must be removed from the f i r s t wa l l at 

temperatures adequate for heat removal from the blanket to the heat dump 

or power generation system. 

Mater ia ls L imi ta t ion on EPR Operation. The s t ruc tu ra l mater ia l 

used for the f i r s t wa l l w i l l l i m i t the allowable temperatures in the 

power cycle. This is because the strength of the mater ia l and i t s 

compat ibi l i ty with coolant f lu ids and blanket mater ia ls are functions 

of temperature. I f a mater ia l is chosen that has a predictable l i f e t i m e 

usage, i t could a f fec t the system by requir ing replacement during ex-

tended operations. 

Reference Operating Parameters. Those reference parameters for EPR 

design having a po ten t ia l e f fec t on the se lect ion of a f i r s t - w a l l s t ruc-

tu ra l mater ia l are given in Table 5 .7 . These parameters do not represent 

a f i n a l choice. However, they are useful in providing a set of condi-

tions against which to judge the potent ia l usefulness of a number of 

candidate s t ruc tu ra l mater ia ls . 

The steps used to select promising f i r s t - w a l l and blanket s t ruc tu ra l 

materials for EF'R use are given in Table 5 .8 . This scoping process w i l l 

lead to one or more a l loys with acceptable properties for use with each 

of the considered f i l l e r / c o o l a n t combinations. Table 5.9 i l l u s t r a t e s a 

concise evaluat ion of the possible major a l loy system candidates ranked 

according to the f i r s t c r i t e r i o n in Table 5 .8 . 

A discussion of the d i f f e r e n t categories of mater ia ls fol lows: 

Refractory Metals — "Undeveloped". Although many refractory metals 

hold great promise for fusion reactor app l ica t ion , a hindrance to the i r 

use in the Ki'K is the l imi ted time ava i lab le to complete ui'eir develop-

ment. I t appears that a l l of the refractory metal al loys except Nb, 

Nh- l . Y.r, Mo, T7.M, Ta, Ta- IU W, and T - I l l can be ruled out for EPR use 

i>ii this basis. Other potent ia l a l loys based on niobium, molybdenum, and 

tantalum have been developed, but an adequate assessment of t h e i r 



Table 5.7. EPR operating parameters relating to structural material selection 

Parameter 
Minimum 

requirement Possible range Desirable choice 
Reference 
choice 

Temperature of cool-
ant at outlet 

Coolant temperature 
gradient 

Coolant 

Moderator 

Neutron wall loading 

Adequate to trans-
fer energy to ex-
ternal sink 
Adequate to trans-
fer energy to 
external sink 

Convert neutron 
energy to thermal 
energy 

lu iva len t f u l l power 
- i f e 

r 
Radiation response of 
type 316 stainless steel 
reference structural alloy 
• displacements 
• helium generation 

50 to 1200°C 

50 to 200°C 

He, H20, or 
liquid metal 
B^C + SS, FLIBE, 
liquid metal, or 
graphite 
Up to 2 MW/m2 

Up to 10 years 

High enough for con- 370°C maximum 
ventional steam 
cycle 
Large enough for 
modest coolant flow 
rate 

He or liquid metal 

Breeding blanket 

>1 year 

110°C 

He 

Liquid metal 
plus graphite 

0.4 MW/m2 

2 years 

3.9 dpa 
80 appm 

liquid metal — K in basic modules as stand-in for Li in breeder modules and in full-scale CTR 
power system. 

^At end of life, effectively 2 years at 0.2 MW/m2. 
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Table 5.8. Steps to the selection of a structural material 
for the EPR first wall and blanket 

1. Identity candidates from commercial power reactor conceptual de-
sign studies, and include others suggested by intuitive reasoning. 

2. Estimate the acceptable temperature range based on strength and 
creep properties. 

3. Estimate further temperature restrictions set by materials compat-
ibility requirements. (Wall loading and operating temperature 
should also be compatible with optimum plasma parameters.) 

4. Evaluate system potential without schedule or cost constraints. 

5. Assess suitability for EPR completion in 1985. 
a. Is the alloy available? 
b. Does the design technology exist? 
c. Can the structure be fabricated and assembled with this alloy? 

6. Decide if the structure lifetime (reliability) will be adequate. 
(Structural materials should not limit EPR operation.) 

7. Determine if costs art acceptable. (Avoid unnecessarily expensive 
EPR development program.) 

8. Retain alloy for further consideration or reject with justification. 

9. Compare alloys closely similar to leading contenders and repeat 
procedure. 

A basis for this is provided by the comprehensive review of 
tokamak reactor concepts recently completed by Fraas (see reference 5). 



Table 5.9. Initial evaluation of possible materials for 
first wall and blanket structural components 

Temperature 
limitation 

set by 
strength 

Mat=irial ( a O Major advantages Major disadvantages 

High-strength 
aluminum alloy 

e.g., 6000 series 

Di S p e r s i o n -s;tr en£r:::-ened 
aluminum alloy <'S-P) 

Type 316 stainless stee_ ^50 

- Developed materials technology 
- Fully understood material, 

fabricable, weldable 
- Low activation, thus low rad-

ioactive inventory in system 

- Highest temperature of alum-
inum alloys 

- Low activation 

- Highly developed technology 
- Available, fabricable, 

weldable 
- Properties appear adequate 

for EPR to ^550°C 

- Low temperature use 
- Coolants limited to H2O, He, 

not compatible with liquid 
metals 

- Inherent low ductility 
- Forming and joining problems 
- Properties not reproducible 
- Coolants limited to H20, He 

- Compatibility with liquid 
metals sets lower tempera-
ture limits 

- Ferromagnetic phase in welds, 
and in bulk material during 
irradiation 

Other austenitic ^30 
stainless steels, 
e.g., Incoloy 8QU 

Nickel base alloys, 1-700 
e.g., Inconel 625 

- May surpass type 316 in some 
specific properties, but 
generally similar 

- Developed materials technology 
- Modest temperature increase 

above type 316 

- Less well-known response to 
liquid metals and neutron 
irradiation than type 316 

- Compatibility with liquid 
metals generally poorer than 
austenitic stainless steels 



Table 5.9 (continued) 

Material 

Temperature 
limitation 

set by 
strength 

(°C) Major advantages Major disadvantages 

Vanadium alloys, 
e.g,, V-20 Ti 

-800 Higher temperature than 316 
Low activation 
Potential radiation damage 

resistance 

No existing technology 
Alloy development incomplete 
ReacLive, properties degraded 
by iunurity pickup, require 
special fabrication tech-
niques 

Niobium alloys, 
e.g., Nb-lZr 

M 0 0 0 Higher temperature than 316 
Low helium generation rate 
via (n,a) reaction, thus 
potential resistance to 
neutron radiation 

Limited materials technology 
Reactive, see V alloys 
High activation rate 

Molyodenum alloys, 
e.g., Mo 

M200 High temperatures possible 
Less reactive than Nb, V 

Technology limited, especial-
ly for joining; welds reli-
able, usually brittle 

Severe radiation embrittlement 

Tantalun alloys, 
e.g., T-lll 

M 4 0 0 High temperatures 
Very low (n,a) reaction rate, 

thus potential resistance to 
neutron radiation 

Reactive, see V alloys 
Very high activation rate 



Table 5.9 (continued) 

Temperature 
limitation 

set by 
strength 

Material (°C) Major advantages Major disadvantages 

Ceramics, ""2000 - Very high temperatures - Non-ductile materials 
e.g., C, SiC possible - No design methods to use e.g., C, SiC 

- Material released is low Z, these brittle materials for 
less deleterious to plasma high-integrity vacuum-con-
than heavier metal ions taining structures 

- Low activation rates - Very high (n,a) and (n,p) 
reaction rates with poten-
tially deleterious swelling 
and embrittlement effects 



properties with respect to structural design has not been performed. In 
any case, a commercial capability to produce these alloys in the amount 
and forms required for EPR would have to be developed, and would be both 
expensive and time-consuming. Without a major, directed alloy develop-
ment program, these alloys could not be ready for EPR application in 
time to meet the 1985 schedule. Even if this schedule should be revised 
to a date later in the 1980*s, it is unlikely that a new Nb- or Mo-base 
alloy could be qualified. The same consideration applies to V-base 
systems. The modest amount of effort in the LMFBR program that was 
devoted to the vanadium alloys over a 10-year period resulted in about 
a half-dozen experimental alloys, but none was carried beyond the exper-
imental or large-laboratory heat scale. These systems simply could not 
be developed for EPR without a major examination of the properties of 
all materials under consideration. 

Refractory Metal — "Developed." Niobium, Nb-1 Zr, Mo, TZM, Ta and 
the two Ta alloys, Ta-10 W and T-lll have all received some developmental 
effort and limited use in the aerospace industry and other applications 
but all would require further property measurement for EPR design. Each 
of these alloys suffers restrictions that makes it unattractive for EPR 
use. Both the Nb and Ta alloys have a very high neutron activation rate, 
which penalizes neutron economy, and their use would create problems of 
maintenance and repair of the reactor. Even more important, Nb and Ta 
alloys are highly reactive and would require protection against contam-
ination by pickup of C, N, and 0 during fabrication and operation. This 
would require elaborate development of welding equipment and procedures 
and special purity requirements on coolant stream. Molybdenum and TZM 
would be more tolerant of coolant purity and are less of a problem in 
activation and radioactive inventory. However, joining processes to 
produce ductile welds are not yet available, and Mo and TZM are rejected 
mainly for this reason. It is unlikely that the material could be sup-
plied by existing commercial vendor capability, although this capability 
could probably be reactivated or quickly developed based on past exper-
ience . 

Aluminum Alloys. The dispersion-strengthened alloy, SAP, is attrac-
tive because of its potentially very low neutron activation rate. Its 
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strength at high temperature is greater than other aluminum alloys. It 
is, however, a material with a very low inherent ductility, especially 
under creep conditions at elevated temperatures, and its properties 
cannot be reliably reproduced from batch to batch. It cannot be joined 
by fusion welds. lor these reasons SAP should be dropped from consider-
ation, Other classes of aluminum alloys, such as the high strength 
6000-series alloys, meet the requirements of being available, well-
characterized commercial products. However, these alloys do not have 
acceptable strength at temperatures above about 200°C and are not com-
patible with liquid metal coolant, moderator, or breeding fluids. These 
aluminum alloys are not recommended for EPR use because of these severe 
limitations, which make them unlikely candidates for use in subsequent 
reactors with economically attractive power-conversion systems. 

Ceramics. The use of such ceramics as SiC or C (graphite) as a 
structural first wall has been suggested, mainly because of environ-
mental advantages. These materials, however, are inherently brittle. 
Their use in EPR would require the development and testing of a detailed 
and untried design approach to build the required high-integrity struc-
tures. It is doubtful whether these and other problems associated with 
using brittle ceramics could be overcome in time to meet the EPR schedule. 

Conventional Alloys. As a result of the disadvantages associated 
with the previously discussed materials, the choice for an EPR structural 
material is narrowed to conventional alloys based on Fc-Ni-Cr. These 
include the stainless steels and superalloys that have been developed 
for and applied to various elevated temperature uses. The austenitic 
stainless steels, particularly type 316, appear to meet the needs of 
EPR and have some development potential for application in future fusion 
reactors. A detailed evaluation of all conventional alloys is desired 
to ensure that all potential candidate materials receive appropriate 
considerations. 

5.2.4 Neutronics and Shielding Investigations 

As part of the scoping studies in FY 1975 , neutronic.s calculations 
were used to investigate candidate blanket and shield assemblies in terms 



of the EPR objectives stated in Sect. 5.2.1. This effort was coordi-
nated with other subsystem and area investigations, including plasma, 
mechanical, thermodynamic, and materials considerations. A survey was 
made of various blanket/shield designs from the point of view of energy 
recovery, radiation attenuation, potential radiation damage, and tritium 
breeding. Calculations were done for all seven candidate blanket con-
cepts listed in Sect. 5.2.2. Each case was backed by an iron-borated 
water shielding region. For each case the calculations provided 

• the radial dependence of the energy deposited in the 
blanket, shield, and toroidal field (TF) coils by the 
plasma neutrons and secondary gamma rays, 

• the radial dependence of the neutron and photon flux, 
• the tritium production in breeding modules under the 

constraints of allowable space and materials resources, 
and 
the neutron and photon energy spectra in the reactor. 

Part of the effort was devotee to the creation of a coupled neutron 
and gamma-ray cross-section library based on the latest ENDF/B-4 data 
and a coupled neutron and gamma-ray kerma-factor library. The cross-
section library, which contains cross sections for 21 elements of inter-
est in CTR calculations, has been described elsewhere5 and is available 
on request from the ORNL Radiation Shielding Information Center. This 
library has already been requested by a number of researchers and is 
rapidly being accepted as a standard for CTR neutronics calculations. 

The neutronics calculations were performed using the one-dimensi.onal 
discrete ordinates code ANISN,7 using the coupled neutron and gamma-ray 
library of Plaster, Santoro, and Ford6 in a Pa-S12 expansion. In the 
blanket, shield, and TF coil assemblies, the energy deposition was es-
timated using coupled neutron and gamma-ray kerma factors produced by 
the codes MACKLIB8 and SMUG,9 respectively. For these calculations, the 
reactor was represented bv a 200-cm-radius piasma surrounded by a 
li.7-cm-thick void region between the plasma and a 0.3-cm-thick graphite 
curtain. The blanket assembly originates at a radius of 225 cm and has 
a radial dimension that is fixed by the particular blanket configuration 



73 

b«iing studied. The seven blanket types and the dimensions and composi-
tions of the components are given in Table 5.10. At a point 71.6 cm 
beyond the graphite curtain is a 55-cm-thick shield assembly. Surround-
ing the shield is the TF coil assembly. Since one-dimensional geometry 
was used in the calculations, a radius vector from the center of the 
plasma passes through all components of the reactor. The dimensions 
and composition of the shield and TF coil assemblies were fixed in all 
of the calculations, and these are given in Table 5.11. 

For each blanket type, and in sonie cases for variations of these 
blanket types, the energy deposited by neutrons and gamma rays was cal-
culated as a function of radius in the reactor. The radial dependence 
of the total energy deposition in the EPR-1 and in the EPR-7 blanket 
assemblies is shown in Fig. 5.1. Data of this type is helpful in 
assessing the thermodynamic response of the blanket. The integrals of 
these distributions yield the energy deposition in the blanket. This 
integral blanket energy deposition, when divided by the total energy 
deposition, gives the fraction of the heat deposited in the blanket. 
The integral heat deposition from neutrons and gamma rays in the blanket 
and shield assemblies for each blanket type is given in Table 5.12. 
Note that blanket concepts EPR-5 and EPR-6 fail to satisfy the criterion 
that the blanket absorb 90% of the heat. Also given in Table 5.12 are 
the calculated tritium Breeding ratios for those blanket types that con-
tain lithium as the breeding component. Note that only EPR-7 results in 
a breeding radio greater than unity (M.2). The neutronics scoping of 
the seven blanket types also attempted to determine, at least in a pre-
liminary fashion, material compositions necessary to achieve the desired 
energy deposition and breeding in the blanket and acceptable energy 
deposition in the TF coil. 

The radial distributions of the energy deposition were used in 
performing thermodynamic analyses. Radial and energy-dependent neutron 
and photon fluxes were obtained to estimate the effectiveness of the 
shield, the potential radiation damage to structural materials, and 
other nuclear-induced phenomena in the reactor. Heat generation in the 
blanket was determined with sufficient spatial resolution to permit 
conceptual design of the special cooling mechanisms required in the blanket. 



Table 5.10. Dimensions of EPR blanket configurations 

EPR--1 EPR--2 EPR-3 EPR-4 EPR-5 - EPR-6 EFP. -7 

Outer Outer Outer Outer Outer Outer 
radius Compo- radius Compo- radius Compo- radius Compo— radius Compo- radius Compo-
(cm) se t ion (cm) sition (cm) sition (cm) sition (cm) sition (cm) sition 

200.0 Plasma 200.0 Plasma 200.0 Plasma 200.0 Plasma 200.0 Plasma 200.0 Plasma 
223.7 Void 223.7 Void 223.7 Void 223.7 Void 223.7 Void 223.7 Void 
224.0 Graphite 224.0 Graphite 224.0 Graphite 224.0 Graphite 224.0 Graphite 224.0 Graphiti 
225.0 Void 224.1 Void 225.0 Void 225.0 Void 225.0 Void 225.0 Void 
220.4 Iron 226.64 Fe + He 240.0 Graphite 240.0 Graphite 225.34 Graphite 226.0 Iron 
257.4 B,.C 236.80 Graphite 241.3 Void 241.3 Void 226.84 Iron 251.0 Lithium 
258.6 Iron 237.75 Void 243.3 Iron 243.3 Iron 227.84 Void 252.0 Iron 
273.6 Void 268.30 BkC + Fe 271.0 Flibe + C 244.3 Flibe 229.18 Iron 262.0 Carbon 
276.6 Iron 296.6 Void 2/3.0 Iron 252.3 Be + Li 236.48 Lithium 263.0 Iron 
296.6 Void 296.6 Void 253.3 Flibe 237.14 Iron 264.5 Lithium 

268.3 Flibe + C 257.14 Fe + Li 267.0 Iron 
269.3 Flibe 258.14 Iron 268.5 Void 
271.3 Iron 296.6 Void 270.0 Iron 
296.6 Void 271.5 Lithium 

273.0 Iron 
274.5 Lithium 
276.5 Iron 
296.6 Void 

Bi, C and SS solid absorber as spheres cooled with low-pressure helium 
Bi«C and SS covered absorber cooled with high-pressure helium 
Circulating FLIBE as coolant and absorber with unclad graphite spheres as reflector 
Circulating FLIBE as coolant with canned supplemental absorber of lithium and beryllium metal 
Static lithium absorber with high-pressure helium coolant 
Static lithium (90% enriched in 6Li) absorber with high-pressure helium coolant 
Static lithium with graphite reflector between two lithium regions with high-pressure helium coolant 

EPR-1: 
EPR-2: 
E?R-3: 
EPR-4: 
EPR-5: 
EPR-6: 
EPR-7: 
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Table 5.11. Dimensions of EPR shield and TF coil assembly 
used for neutronics calculations 

Composition Outer radius (cm) 

Iron 301.6 -

Shield^ 341.6 
Lead 346.6 Shield assembly 

Iron 351.6 
Void 400.0 
Iron 401.0 
Void 404.0 
Iron 409.0 
Copper 442.0 TF coil assembly 

Iron 482.0 
Void 485.0 
Iron 486.0 

^Shield composition: 
65 vol % Fe 
35 vol % H20*B (1% boron concentration) 
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Fig. 5.1 Radial dependence of Che energy deposition in the EPR-1 and 
EPR-7 blanket assemblies. 



rjA2. C a l c u l a t e d h e a t i n g and t r i t L u m b r e e d i n g in KI'R 

Blanke t assembly S h i e l d assembly Breed ing r a t i o 

1 a n r e t 
tvpe 

Neutron hea t 
fW n e u t r o n ) 

i'ljijtun hea t 
(*Vneut ron) 

Tota l hea t 
(W/neut run) Kract ion 

Neutron he.it 
(W/neut ron) 

PhuLun heat 
(W/ni'ut ron) 

' l o t a l heat 
(W/neut ron) F r a c t I o n M 1 'l.l 1.1 + 'l. 

KFK-1 1.114 x 1 0 - : - I .06 X 1 0 - ' - 2 .12 X 1 0 - : ' 90. b 3 .97 X u r ; • 1 . H x 10" ' 1 l . ' i l x i n " ' b . ) - -

M'H-2 1 . J 1 X u r - - 1 .ID X 10" '• 2 , J i X 1 0 - " 9 J . 2 3.74 X 1 .01 x HI"1 l . ) 8 x i n " 1 - - -

t . l ' R - J 1 . j b X i n - - 8 . lo X J . 17 X I T - 91 .4 2 . a h X 10" '• ' ! . pj \ 10" ! ' 1.81 x 10" : ' 7 . 0 0 ' . 2 0 , 01 0 . > ) 

CPU- . ] .fi8 x 1 0 " " 7 . 0 7 X l o - ' ' 2. J9 X i n - ' 91 . > J. ">4 X i n - ' ' 1 . 4 8 x 1 0 " ' ' 1 . H J x 1 0 " ' ' h . 9 (1 1 1 0 . 0 1 O . M > 

r.t'K- • H . f i S v 1(1-.. X ! 0 " ' ' 1 .'.() X 10" ' ' > 1 . 7 1 . ' } 1 X 10" ' ' 7.2r> x 10" : ' 9 . 8 4 x | 0 " : J J . 9 I) I1) I I . 1 9 O.'jH 

H ' H - f j : . . ' i >. 1 r» - . . 9 8 X l i f 1 .71 X 1 0 - ' 1 .4 4 X 10- • • i . H i . ( | o - ' ' JO x l o " ' ' . ' 0 . 0 (• 7 7 0 . 0 2 0 . 7 9 

].T, X i n - - - *>. 'ill X l ' l - i ' 2 . 4 0 X 1 0" ' • ">.<>> X 1 0 * ' ' 1 . H-'d x I l l" ' x i o - : ' 8 . 9 0 ?h 0 . \ 1 . 2 1 
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Since tritium breeding is an important objective for the EPR, the 
capability of demonstrating tritium production in experimental modules 
is highly desirable; therefore, neutronics calculations including tritium 
breeding in such modules were performed. 

5.2.5 Recommendations for Reference Design 

It is recommended that che blanket concept represented by EPR-7 be 
incorporated in the reference design. Two important capabilities of 
this concept form the basis for this recommendation. 

The specific EPR-7 design tf? be described later in this 
section can meet the reference heat removal requirements 
and the basic concept is adaptable for handling higher 
fluxes of neutron energy into the walls. 
The basic concept is capable of achieving a positive 
breeding gain if tritium production is required. 

The first capability is important because the power (or neutron wall 
loading) that will be permitted by plasma physics is uncertain now and 
will not be certain until the EPR operates. Because the performance of 
the reactor should not be seriously restricted by inherent limits on 
the heat removal capability of the blanket, the blanket concept that is 
explored in early designs should be adaptable to meet increased require-
ments later on. The tritium-producing potential is important primarily 
because of its relevance to subsequent reactors. To avoid altogether 
the problems associated with a large tritium inventory, it may be de-
cided to make the EPR blanket thinner than required for net breeding. 
Possibly potassium may be substituted for lithium. The experience with 
a blanket like EPR-7 would have direct applicability in subsequent 
reactor designs. 

A segment of the EPR-7 design is shown in Fig. 5.2. The calculated 
tritium breeding ratio for this design, assuming the use of natural 
lithium, is 1.21, which is quite adequate. Calculated thermal-hydraulic 
characteristics are listed in Table 5.13. It should be noted that 
the calculated temperatures in this table are based on pessimistic 
assumptions (e.g., no thermal convection in the lithium). The indicated 
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Table 5.13. Results of thermal-hydraulic calculations 
for blanket EPR-7 (driven system) 

Total power from plasma, MW(th) 400 
Neutral beam power to plasma, MW(th) 100 
Heat flux on first wall, MW(th)/m2 0.27 
Helium flow rate, kg/sec. 658 
Helium inlet temperature, °C 260 
Helium outlet temperature, °C 370 
Helium pressure, atm 70 
Helium pumping power, MW 22 
Max. temp, in graphite curtain, °C 1779 
Max. temp, in blanket structure, °C 604 
Max. temp, in lithium, °C 502 
Max. temp, in graphite structure, °C 789 

Helium tube bank 1 2 3 
Cooling surface area, m2 1523 1673 1772 
Aveiage gas velocity, m/sec 76 83 22 
Surface heat flux, W/cm2 16 5 3 



temperatures in the structure are somewhat higher than desired for type 
316 stainless steel; if more refined calculations show this to be true, 
temperatures could be lowered by increasing the helium flow. Gas flow 
velocities are so low that great increases (to 700-1000 ft/sec) are 
feasible with still tolerable pumping power. In the case analyzed, the 
heat flux on the first tube bank resulted mostly from the injected beam 
power, which will not increase and could decrease if the plasma perform-
ance is better and the fusion power is higher. Thus, this blanket design 
is adequate even if the performance of the EPR should turn out to be 
considerably better than was assumed in the analysis of this blanket. 

The carbon curtain in EPR-7 is questionable because of radiation 
damage, outgassing, and chemical reactions at the operating temperatures. 
Further study of these questions is required. 

The blanket structural material in the reference design is taken 
to be type 316 stainless steel. This material may prove to be quite 
satisfactory for the EPR; in any event it can serve as a reference 
material while materials comparisons more detailed than those outlined 
in Sect. 5.2.3 are made to confirm its choice or to find a more suitable 
material. Table 5.14 sets out a detailed summary of the characteristics 
of type 316 stainless steel against which other materials can be 
measured. 

5.2.6 Principal Development Requirements 

Continued design studies must include the following topics relative 
to the blanket and shield: 

• Definition of design-basis power cycle (plasma initiation, 
burn, and exhaust) and associated fluxes of neutrons, 
particles, and radiation to the walls. 

• Revised calculation of the neutronic response of candidate 
wall materials to EPR spectrum. Especially important is 
the helium production through (n,a) reaction. 

• Mechanical design and thermal calculations of stresses, 
stress gradients, and stress cycle loading of the first 
wall. 



Table 5.14. Characteristics of type 316 stainless steel relevant to 
requirements of EPR blanket structure 

Parameter L i m i t a t i o n on EPR Comment and elaboration 

St reng th and 
d u c t i l i t y 

Temperature <650°C Allowable design stress only weakly temperature dependent at 
<15 kpsi to ^550°C, steadily decreases on increasing temper-
ature above 550°C.a Allowable strength and rupture ductilities 
will be affected by neutron irradiation. See entry below. 
While ductility may be limited after irradiation, the material 
will offer adequate ductility for use of the simplest fabrica-
tion methods. This remains a distinct advantage over such in-
herently brittle materials as ceramics. 

Compatibility 
with He, 
with Li, Na, K 
with FLIBE 

A v a i l a b i l i t y 

Cost 

Temperature limits: 
none 
<550°C 

No l i m i t a t i o n 

No l i m i t a t i o n 

Compatibility with coolant or moderator fluids may limit oper-
ating temperature. He coolant does not limit temperature. Li 
would set a limit ^550°C, dependent on the flow rate. Na, 
NaK, or K as replacement for Li in EPR would set less of a 
temperature limit than would Li. Limitations on FLIBE-316 
interactions also exist but are complex due to MHD considera-
tions. More work required if FLIBE selected. 

Commercial product. Adequate methods and specifications exist. 
Readily available in all required product forms. Long-term 
availability of chromium is a potential concern. 

No development costs. Limited costs for design data genera-
tion and component proof testing. Procurement costs for EPR 
material modest. Fabrication costs modest; among the cheapest 
of available materials. 

Data base No l i m i t a t i o n An extensive data base exists and is being expanded signifi-
cantly by the LMFBR materials program. 



Table 5.14 (continued) 

Parameter L imi tat ion on EPR Comment and elaboration 

Design methods Temperature <550°C, 
but being increased 

Design methods and appropriate codes exist for use of type 316 
to about 550*C. For higher temperatures (the creep regime) 
methods are presently inadequate but vigorous programs are 
being conducted to extend design methods to include creep rate 
l im i ta t ions on design stresses. The LMFBR program w i l l be in -
f l u e n t i a l in th is area. 

Design ex-
perience 

No l im i ta t ion Extensive design experience exists in the use of type 316. 
Experience is now being gained in accommodating design param-
eters to l imi ta t ions due to radiat ion e f fec ts . 

Component 
fabr ica t ion 
and assembly 

No l i m i t a t i o n Readily fabr icable to a l l required component shapes. Welds 
eas i ly and re l i ab ly made without special atmosphere. Inspec-
t ion techniques well developed. Fielti assembly, especial ly 
f i n a l welds between modules, may require special equipment, 
but is within the state of the a r t . 

Bulk 
radiat ion 
e f fec ts 

Temperature <550°C. 
Possible l i f e t i m e 
r e s t r i c t i o n 

Preliminary results indicate s ign i f icant embrittlemenL by neu-
t ron ica l ly generated helium, amounts equivalent to about one 
year of f u l l power operation, for tens i le loading at 600°C or 
higher. Swelling e f fects believed to be unimportant for pro-
jected l i f e t i m e . The bulk radiat ion e f fects program at ORNL 
is focusing on speci f ic EPR conditions in order to qual i fy 
type 316. A fur ther r e s t r i c t i o n may be set by radiat ion creep, 
but this is an unknown at. present. 

Surface 
radiation 
effects 

Unknown Under act ive study at Surface Science Center, ANL, and e lse-
where. Key question is whether or not a bare wall (not 
shielded by a f i r s t radiat ion wal l ) w i l l be acceptable. An-
swer can be expected from exist ing programs, as ant icipated 
EPR parameters are input to surface studies prognuns. 



Table 5.14 (continued) 

Parameter Limitation on EPR Comment arid elaboration 

Phase 
stability 

Unknown Several phases precipitate from 316 during neutron irradiation 
at elevated temperatures. Some of these cause a reduced 
strength level. One or more of the precipitate phases is 
ferromagnetic and must be taken account of in evaluating mag-
netic field-structure interactions. This is being investi-
gated further in ORNL radiation effects program. Ferromag-
netic phases may also be present in welded joints. 

Neutron 
activation 

Remote maintenance 
required 

Build-up of long-lived radioactive isotopes will be rapid in 
the various alloy constituents of type 316. This cannot be 
avoided and will rule out any contact maintenance once the 
reactor has operated for more than a few days. 

Replacement 
and repair 

Special design, 
equipment, training 

Replacement and repair of modules, due to failure or due to 
experimental changeouts, will require remote cutting, han-
dling, and welding techniques. This will require development 
of special procedures, tooling and fixturing, and training of 
operations and crafts personnel. Remote procedures for 316 
will ac least be as simple as for any other possible structure 

Extrapolation 
to future 
reactors 

No limitation Type 316 can probably be used for reactors beyond EPR. Temp-
erature limits will remain the same, but wall lifetimes are 
probably much greater than the 0.2 MW/m2 for two years equiva-
lent full power EPR lifetime. Evaluation of this maximum use-
ful lifetime is a goal of the DCTR Radiation Effects program. 

flASME Boiler and Pressure Vessel Code Case 1592. 

E. E. Bloom and F. W. Wiffen, The Effects of Large Concentrations of Helium on the Mechanical Properties 
of Neutron-Irradiated Stainless Steel, ORNL/TM-4861 (May 1975). Also to be published in J. Nucl. Mater. 
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It is recognized that the actual thermal-hydraulic conditions in a work-
ing blanket will depend on complex, multidimensional, time-dependc 
phenomena. The analysis performed to date, as a first iteration, ig-
nored much of this inherent complexity and treated the plasma as a 
steady, one-dimensional source of neutrons, operating at the maximum 
thermal output of the device. 

Evaluations undertaken primarily by the materials subsystem will 
include a continuing assessment of the adequacy of preferred structural 
materials in the areas of: 

Strength, under both steady-state and cyclic load 
conditions. 
Compatibility with coolant, moderator, and breeding 
fluids. 
Response to neutron irradiation. 

• Availability of design and fabrication techniques. 
Forming and joining techniques. 
Inspection techniques. 
Repair and replacement techniques for failed blanket 
modules. 

Basic data on the suitability of structural alloys for first-wall 
application are generally available. For such systems as the reference 
material, type 316, data for the class (austenitic stainless steels) are 
abundant and data specifically on 316 SS are only slightly less plenti-
ful. For other candidates the situation varies from aluminum alloys, 
where data is as plentiful as for stainless steels, to suggested 
vanadium-base alloys, where the alloys have not even been prepared 
except on a laboratory-size basis. 

Given that EPR material selection must be made no later than 1980 
on the target schedule, it appears that the choice should be made from 
alloys that are reasonably well understood now. If this restriction is 
accepted, needs for generation of additional basic data for EPR applica-
tion are minimal. 

Existing Materials Programs. DCTR development and technology pro-
grams in the areas of radiation effects, compatibility, neutronics, and 
other materials-related subjects are being focused on the requirements 
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of the EPR system. These programs will evaluate reference materials 
under simulated EPR conditions. LMFBR programs are providing an exten-
sive body of data on such material as the austenitic stainless steels and 
nickel base alloy, and a large fraction of the data used to judge the 
suitability of the alloys for EPR use it. expected to come from these 
programs. Other ERDA programs in the Division of Physical Research 
continue to provide the long-range research ana development studies 
important to fusion reactors. 

Recommended Materials Work. Modified forms of type 316 SS should 
be evaluated for greater resistance to helium embrittlement during 
irradiation. Of special interest is Ti-modified 316, especially devel-
oped because of resistance to helium embrittlement. The radiation effects 
program must investigate the effects of irradiation over the full range 
of EPR conditions on swelling, ductility, and phase stability, especially 
ferrite formation. Of the properties, embrittlement at the upper portion 
of the operating temperature range is expected to be the most limiting. 
Materials to be included should be solution annealed, cold worked, and 
welded in segments to evaluate the response and suitability ot each,. 
Work is needed to develop failure criteria that take into account thermal 
creep, radiation creep, fatigue, and thermal shock (plasma dump) loading. 
Compatibility among coolant, moderator, and structural materials must be 
confirmed experimentally. 

Neutronics and Shielding. The major areas in which significant un-
knowns exist are those involving multidimensional effects. One-dimen-
sional calculations do not take into consideration the existence of ports 
and other openings in the blanket-shield assembly, such as those for 
vacuum pumping, injection, diagnostics, etc. Multidimensional calcula-
tions are needed to ascertain the level of engineering difficulty in the 
penetration area. Additionally, radiation from the plasma can stream 
through these openings and produce intense local heating, radioactiva-
tion, and damage. Estimates of the effects of radiation streaming using 
two- or three-dimensional neutronics calculations must be made. Calcula-
tions of this type are both time-consuming and expensive, but the results 
illuminate the more realistic effects of the plasma radiation on the 
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reactor components and environment. Preliminary calculations of this 
type will be needed to plan the remaining development work. 

A second important area is that associated with the proper design 
of the TF coil assemblies, which in part depends on detailed neutronics 
calculations. The heating and the radiation damage in the TF coils are 
functions of the composition and dimensions of the blanket and shield. 
Although it is too early to emphasize specific detailed designs, it is 
essential to analyze now the sensitivity of heating and radiation damage 
to the configuration of the blanket and shield. To omit such studies 
could lead to serious design errors that would be difficult to remedy. 

The continuing investigation of nc>.utironies must include additional 
detailed analyses of the selected blanket design and analyses of alter-
native concepts as they evolve from system integration. A nominal set 
of characteristics must be established for the effects of induced rad-
iation, heating, and radiation damage upon the materials. Such inform-
ation is essential to enable design engineers to select materials, con-
figurations, heat recovery systems, and other nuclear-dependent compo-
nents. Since the cost of the reactor increases with the dimensions of 
the TF coils, every effort must be made during continuing design studies 
to minimize the thickness of the blanket and the shield, while obtaining 
the desired neutronic performance and offering adequate protection to the 
TF coils. In designing the EPR, optimization calculations for the en-
tire blanket assembly must be included. 
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6. ELECTROMAGNETIC SYSTEMS 

(TOROIDAL AMD POLOIDAL COILS, STRUCTURE, 
ELECTRICAL SYSTEMS AND CRYOGENICS) 

The essential functions of these portions of the EPR are as follows: 
To produce a steady toroidal field for plasma confinement. 
To produce a time-varying electromagnetic field capable 
of creating a plasma, developing the plasma current, ohm-
ically heating and maintaining the plasma, and, finally, 
bringing the plasma current to zero. 

In the sections that follow, material concerning the toroidal field 
coil, conductor, structural protection, and cryogenics is presented first, 
whereas the poloidal field concept, electromagnetic design, and electrical 
concerns are discussed afterwards. 

6.1 TOROIDAL FIELD COILS 

6.1.1 Definition and Requirements 

The toroidal field coils are the single most costly portion of the 
EPR, and consequently, they have been examined in considerable depth in 
a broad range of topics. The comprehensive work of ORNL's Superconduct-
ing Magnet Development Program, which is aimed directly at producing the 
technology needed for EPR coils, has provided the base from which much 
of this scoping work has evolved. The TF coils must reliably produce 
an on-axis magnetic field in the range of 3-5 T and in so doing must 
safely contain tens of gigajoules of stored energy. The design objec-
tive is to provide this field and contain this energy in a manner that is 
safe, economical, and directly adaptable for higher power reactors. 

Although few firm, quantitative criteria exist as a basis for es-
tablishing a design for toroidal field coils, there are numerous quali-
tative criteria that help delimit the range of choices. These criteria 
are the following: 

1) Must produce reliably and economically a steady toroidal 
field in the range of ^3-5 T on the plasma axis. 

2) Must provide a fif-ld with as low a ripple as possible, 
at most a few percent. 
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3) Must be able to be assembled with adequate space 
allowed in the center for poloidal windings. 

4) Must be able to contain and handle controllably tens 
of gigajoules. 

5) Must be able to recover from a fault. 
6) Must be maintainable with remote means. 
7) Must be able to be cooled to cryogenic temperatures and 

maintained there with acceptable heat losses. 
8) Must be fabricable and transportable by available methods. 
9) Must not exceed field and strain limitations in the 

superconductor composite. 
10) Must be able to withstand the small residual heat input 

coming from radiation without undergoing a quench. 
11) Must be able to withstand the imposed pulsed poloidal 

fields and the out-of-plane loads coming from interaction 
with the poloidal field. 

12) Must provide adequate access for penetrations. 

6.1.2 Consideration of Possibilities 

EPR scoping studies during FY 1975 considered the full range of options 
for solutions to problems in each of the many task areas in the toroidal 
field system. The accompanying tables group the task areas into the 
following categories: conductor and electromagnetic design (Table 6.1), 
mechanical design (Table 6.2), and electrical protection and cryogenics 
(Table 6.3). 

In each case a preliminary judgment about usefulness is presented. 
In those areas in which several choices are acceptable, a further eval-
uation is made (such as for candidate structural materials in Table 6.4 
and elements of the protection system in Tables 6.5, 6.6, and 6.7), by 
measuring the various possibilities against relevant factors. Reference 
is made in many instances to the extensive background work published in 
the SCMDP Annual Report (see Table 6.1, Ref. a). A summary of experience 
with different superconducting coils and of tokamak design studies influ-
encing the choice of conductor design is contained in Appendix C. 
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Table 6.1. Electromagnetics scoping process — electrical 
concerns internal to the tokamak 
Toroidal field magnetics 

Conductor Decision Electromagnetic field Decision 

Type1 

H 20 
Cryoresistive 
Superconducting 

Conductor design2 

Tape or band 
Cable and braid 
Hollow matrix 
Monolithic 
Hollow structure 
Composite buildup 

a 

Superconductor filament size-
Small (<10 pm) 
Medium 1 (10-25 Vim) 
Medium 2 (25-75 Um) 
Large (>75 pm) 

Current density1*^ 

Low (<1 kA/cm2) 
Medium 1 (1-2 kA/cm2) 
Medium 2 (2-4 kA/cm2) 
High (>4 kA/cm2) 

Materials5 

Superconducting 
NbTi 
Nb3Sn 
V3Ga 
Exotics 

Normal 
Cu 
CuNi 
Al 

Stabilization method5 

Fully cryostabilized 
Partially cryostabilized 

(3 types) (metastable) 
Adiabatic 
Dynamic (intrinsic) 

X 
X 
V 

V 
V 
V 
V 
V 
V 

D 
V 
V 
X 

X 
V 
V 
D 

V 
D 
X 
X 

V 
V 
D 

V 
D 
X 

Field uniformity7 

Low ripple (<1%) > 
Moderate ripple (1-9%) \ 
High ripple (>10%) > 

Shielding (electromagnetic)8 

Cabling \ 
Mixed-matrix with high-
resistance Cu alloy 

Conducting shield 

Field strength, maximum9 

Low (<7 T) 
Medium (7-12 T) 
High (>12 T) 

V 
V 

Field rate 10 

Low (<1 T/sec) 
Medium (1-5 T/sec) 
High (>5 T/sec) 

V 
V 
X 

V , favorable; X , unfavorable; D , unknown or unlikely to be favorable. 
References (a-b) and notes (1-10) will be found on the following pages, 
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Table 6.1 (continued) 

References and footnotes for Table 6.1: 

0. Hoenig et al., "Forced Supercritical Helium Cooling for 
Large Toroidal Coils," SCMDP Annual Report, 0RNL/TM-5019, Appendix G1 
(1975). 

^W. A. Fietz, "Conductor Selection for Fusion Magnets," SCMDP 
Annual Report, 0RNL/TM-5019, Appendix C8 (1975). 

Conductor type. Non-superconductors are eliminated principally 
because of the non-applicability of the technology involved; second, 
because of the power costs of the water-cooled version; and third, 
because of the non-trivial developmental and engineering problems 
associated with cyclic fatigue at normal or cryogenic temperatures. 
It is recognized that successful use of superconductors also requires 
development, but in this case development toward an EPR that is 
applicable to Demo and to a full-scale reactor. 

Conductor design. At this time there is insufficient information 
on which to base a decision. Each design will be tested in a large coil 
test and one will be selected for a system test and further development. 
Monolithic conductors have been widely used, especially in large magnet 
projects. However, fabrication of long lengths will not be possible at 
the cross section needed. Joining small cross sections without a matrix 
is possible but has strength defects. Cables (twisted assemblies) and 
braids (woven assemblies) look attractive from the standpoint of avail-
able cooling surface and ability to withstand pulsed fields, but their 
structure is inherently less sound than that of monolithic conductors, 
and experimental data on their performance in large magnets are unavail-
able. Hollow designs of the type being considered (cables inside the 
helium flow channels) look very attractive and appear to overcome the 
principal difficulty of hollow designs, namely fabrication of long 
lengths with uniform properties. 

3Superconductor filament size. Small filaments can be made but not 
with the quality control that will be needed for the EPR magnets. Devel-
opment over the next few years will clarify need and manufacturing 
capability. Both of the medium-size filaments can be made today, depend-
ing, of course, on the overall size and shape of the composite conductor. 
Large filaments are undesirable because the conductor is no longer stable 
The exact requirement for filament size is not well defined, and while 
a size of 100 pm may work, all indications are that filaments of 50 pm or 
less will not suffer flux jumps even in moderately increasing fields. 
Small filaments are desirable because the hysteretic losses vary directly 
with filament diameter. 
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^Current density. The low current density range results in a coil 
much too bulky for straightforward design when a moderate coil number 
is used. The high current density, although as yet unproven, would have 
significant advantages for design and will be kept in mind as development 
progresses. The principal difficulty is that, since scaling is Jr = 
constant, a half-size simulation test requires 2J, which is not achiev-
able. The high value might be usable for big systems, but there is no 
straightforward way of modeling it. 

^Materials. Of the superconductors, only UbTi is presently avail-
able for consideration in detailed design for the late 1970's. Never-
theless, because of the significant increase in effective field and in 
temperature rise permissible with Nb3Sn, developments will be watched 
carefully and integrated as they become available. In particular, Nb3Sn 
inserts could be used, or better, a design in which Nb^Sn is essentially 
replaced 1 for 1 with NbTi. The exotic, V3Ga, and others are simply 
insufficiently developed or too expensive to be considered for use in 
a conceptual design at the present time. 
For the normal metal used for protection and as magnetic damping, aluminum 
is interesting because of its high conductivity at helium temperatures 
and its low magneto-resistance compared to copper. At present, its 
commercial availability is in question, although there are apparently 
no major technical problems. 
Aluminum-stabilized NbTi conductor was commercially available from France 
at one time and may soon be available from Japan. Copper nickel is used 
along with copper in the so-called mixed matrix, conductors to prevent 
coupling between the several filaments in varying magnetic fields. At 
the present state of knowledge of the required pulsed fields and plasma 
behavior it seems prudent to employ it in the conductor design. 

Stabilization method. Six types of stabilization are defined here. 
Each of the first four, for which conductors exist, is under considera-
tion in the development program. In the fifth case, no conductor is yet 
available and, therefore, none is included in the scoping considerations. 
The sixth case is employed for Nb3Sn types, but we have not included 
this option because of the material's sensitivity to radial fields and 
changing fields. 
Types of stabilization under consideration: 

1) Fully cryostabilized = initiated normal zone will collapse; 

2) Partially cryostabilized. There are two types. In the 
one closer to fully stabilized, an initiated zone can 
coexist with the superconductor and not necessarily 
propagate. In the second type (also called metastable), 
current sharing occurs. In this case the superconductor 
still carries the full critical current while the normal 
matrix carries the excess current. Transition from 
current sharing to a normal state will lead to thermal 
runaway and a quench. Although not defined here, there 
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is also a transient cryostabilized condition in which a 
particular design can withstand transition to normality 
as a result of certain flux jumps, provided the time 
scale is short with regard to the transient heat flux 
value and provided this value is not exceeded in the 
local region. 

3) Adiabatic = normal zone propagates, grows, and quenches; 
9Jc 

< 

4) Dynamic (intrinsic) = ideal for stable condition but no 
commercial conductor exists; 
9Jc 
8T > 0. 

7Field uniformity. Low ripple does not appear to be a firm neces-
sity and is not easily achieved without increasing the number of coils 
to a value that may preclude sufficient access. The moderate ripple is 
easily achieved, while the high ripple would not be compatible with plasma 
physics needs. The number of coils affects the cost in a secondary 
manner, since the field strength is determined by the number of amp 
turns needed, which is the primary cost determinant, and reduction in 
the number of coils requires an increase in their radial dimension 
order to maintain the field. 

Electromagnetic shielding. Since the externally imposed pulsed 
fields put a severe strain on the stability of the toroidal coils, and 
as the field environment is not well specified, it is necessary to pro-
vide some shielding mechanisms. The fully transposed cables and braids 
provide good stability in transverse fields. However, all multifila-
mentary superconductors with twisted filaments suffer large losses in 
varying axial (poloidal) fields. Since some compromise in the twist 
pitch will be necessary to minimize the overall loss, it is advisable 
to incorporate a high resistance matrix along with the copper in order 
to decrease the filament coupling in varying fields. A conducting shield 
will also aid in attenuating the poloidal field. The U.S.S.R. T-7 machine 
will employ such a shield. 

9Field strength, maximum. The maximum field strength for NbTi is 
in the range of 7 to 8 T, and therefore there is no need to have the 
pessimistic low value of <7 T. On the other hand, values above 8 T 
require very low temperatures for NbTi. More likely (because even this 
technique only permits another 1-T increase) , employment of Nb3Sn still 
needs more development. Clearly it is desirable to have the extra margin 
of safety supplied by a superconductor of high critical temperature such 
as Nb3Sn. At present the laboratory values of current density as a 
function of field are not as high for multifilamentarv Nb3Sn as they are 
for tape Nb3Sn. Therefore, a reasonable upper limit to field is between 
12 and 13 T. Developments over the next few years may extend this value, 
but surely no higher than 15 T. At the present time the cable Nb3Sn can 
be used up to 11 T maximum field while maintaining the required safety 
margin in current density. 
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1 0 Fie ld ra te . Magnets can be s tab i l i zed against a 1-T/sec pulsed 
environment. The range 1 to 5 T /sec presents a severe challenge for the 
magnet designer but may be possible in the time span allowed for the 
development. Values above 5 T/sec may also eventually be acceptable, 
but th is is not l i k e l y in the short time ava i lab le . The magnitude of 
the f i e l d is also important, and i t is assumed to be under 0.5 T. 



Table 6.2. Electromagnetics scoping process — mechanical 
concerns internal to the tokamak 

Toroidal field magnetics 

Topology 
Number of coils1 
small (<10) X 
medium (10-30) V 
large (>30) X 

Shape2'a 
Circular V 
Oval (eccen-
tric ellipse) V 

Pure D (straight 
side) X 

Coil aspect ratio3 
low (<2) X 
medium (2-3) V 
high (>3) X 

Dewark 
Common V 
Hybrid V 
Separate V 

Vacuum topology5 
Dome V 
Toroid V 
Individual 

Intrinsic support 
Materials , 

Insulation 
Structure*1' 6 
Austenitic alloys 
Carbon steels 
Aluminum, copper 
Ceramics 
Exotic metals 
(Be, W, Mo, Cr, 

Fiber technology 
Cross section structure7 
Lumped 
Distributed 

Ti) 

Load transfer8 
Spacers 
Potting 
Envelopment 

V 
D 
X 
X 

X 
X 

V 
V 

V 
X 
V 

l o 

D 
X 
V 
V 

V 
V 

Extrinsic supportc 

Centering force9 
Bucking ring 
Keystone 
Column 
Tension 

Overturning moments 
Struts 
Plates 
Frames V 

Thermal stress11 
Normal (cooling and 
warming) V 
Quench (blowdown) V 
Fatigue (cyclic and 
creep) V 

Safety stimuli 
Acceleration V 
(Earthquakes) V 
Redundancy (compo-
nent failure) V 
Fault protection V 
Vibrational modes V 
Stray field 
influence V 

Cryogenic 12 

Coil coolant design2 
(flow system) 
Edge cooled 
Hollow winding V 
Tape winding V 
Face cooled 
Potted 
Type 
Ne 
H 
He 

Operation 
2 phase 
1 phase 
Superfluid 

Convection 
Forced 
Natural 

Insulation 
Layers 
Vapor cool 
Microspheres 
Powders 

V, favorable; X, unfavorable; D, unknown or unlikely to be favorable. 
* 

See accompanying evaluation chart, Table 6.4. 
References (fl-e) and notes (1-12) will be found on the following pages, 

X 
X 
V 

V 
V 
V 



Table 6 .2 . (continued) 

References and footnotes for Table 6.2: 

Progress report: H. Pih, "Photoelastic Analyses of Circular and 
Non-Circular Toroidal Field Coils," SCMD? Annual Report, ORNL/TM-5019 
(1975), and W. H. Gray, "A Comparison Between Photoelastic and Computer 
Analysis of Circular and Non-Circular Toroidal Field Coils," SCMDP Annual 
Report, ORNL/TM-5019, Appendix F7 (1975). 

^R. Shor, "Survey of the Mechanical Properties of Selected Resins for 
Cryogenics," SCMDP Annual Report, ORNL/TM-5019, Appendix F6, F10 (1975). 

c . 
C. J. Long, "Structural Materials for Large S/C Magnets," SCMDP Annual 

Report, 0RNL/TM-5019, Appendix F9 (1975). 

D. Cain and W. C. T. Stoddarc, "Development of a Coupled System of 
Computer Codes for the Structural Analyses of TF Coils," SCMDP Annual Report, 
0RNL/TM-5019, Appendix F4 (1975). 

^M. 0. Hoenig et al., "Forced Supercritical Helium Cooling for Large 
Toroidal Coils," SCMDP Annual Report, ORNL/TM-5019, Appendix G1 (1975). 

Topology 
dumber of coils. The question of a small number coil set has not 

been seriously addressed. However, the possibility of a net savings due 
to the simplified access in such a coil set needs to be considered, in 
spite of the very large size required to maintain a given low ripple 
value. 

2Shape. Three shapes suggest themselves, two of which, the circular 
and cval, are under active consideration. The third, the pure straight-
sided "D" shape, represents a limit in continuous thin membrane theory. 
In actual application, i.e., involving finite numbers and finite thickness, 
modifications to the "D" become viable and very attractive. The oval 
shape appears most valuable in reducing bending moments (the base line has 
less than 30% bending) and differs principally from circular coils in the 
difficulty of winding. The oval or eccentric ellipse stands midway 
between the circular and pure "D" shapes with respect to bending and 
difficulty of winding. 

3Coil aspect ratio. (Ac = R/coil minor radius.) High aspect ratio is 
recognized to be impossible given the requirements for a large plasma 
volume, a given plasma aspect ratio, a blanket, and a shield. 

^Dewar. A common dewar may be impractical, as it impedes system 
maintenance. A separate dewar for each coil would be desirable, but the 
coil aspect ratio and coil support structure (column and plate/beam) lead 
to a hybrid dewar concept. 
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^Vacuum topology. The simplest vacuum topology would be a dome. This 
decision, however, would restrict ready access for maintenance and would 
result in longer pump-out times than in smaller volume chambers. A toroid 
closely surrounding the system is a viable scheme, as is the use of hybrid 
topology as in the dewar application. 

^Structural material. The following have been discarded for use in 
intra-coil structure: 

a) Al, Cu, Ti, because of low elastic moduli; 
b) Be, W, Mo, Cr, Nb, and Ta, because of low-temperature brittleness; 
c) carbon fibers, because of insufficiently developed technology; 

and 
d) ferritic steels, because of brittleness and ferromagnetism. 
7Cross section structure. The exact design of the internal coil 

structure is as yet undetermined. Studies have shown that, from the stand-
point of stresses, lumped reinforcement is slightly favored versus 
distributed reinforcement. 

sLoad transfer. Transfer of internal load to the appropriate struc-
tural support eleme ts is a critical feature in coil design. Currently, 
total potting does not appear desirable, in that general experience in 
this technology has been less than totally successful. It produces 
limitations in cooling at moderate current densities, and subsequent 
questions of stability arise. For this reason a spacer concept is pre-
ferred. Perhaps most interesting is the "hollow conduit structure" 
concept cited in Table 6.1, which would allow the enveloping of the 
conductor in a structural element with considerable strength. This would 
be attractive during manufacturing, to prever.t damage to conductor, 
as well as in use. 

^Centering forces. The forces tending to move the toroidal field 
coils toward the machine's central axis must be resisted. Bucking rings 
tend to introduce bending in the coil, and the advisability of «\.eir 
use in large devices is doubtful. Keystone support is very difficult to 
achieve and can therefore be eliminated. A central column has proven 
successful in a number of devices and is very attractive. Tension support 
between coils and an external frame are not in current use but may prove 
very interesting if the combination of in-plane and out-of-plane loads 
is considered. 

1 Overturning momenta. A number of means are available to resist 
out-of-plane loading. To date external frames have been most often 
used. Some devices currently being designed use coil-to-coil struts. 
The use of plate/beam structures should result in a very rigid structure 
and thus minimize coil motion without undue loss of access. 

^Thermal stresses. Thermal stresses are recognized as very important 
in coil design and are equally important to the overall structure. The 
current study has si-.ply recognized this factor and has nor. examined the 
details of this area. 
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1- Cryogenics. The coolant mode utilized for the magnets may be either 
forced-convection single phase or convection boiling (natural or forced). 

The toroidal field magnets of an EPR are subjected to pulse heating 
(iue to eddy currents and neutron and gamma heating due to plasma and 
internal joint heating. There is a strong incentive to choose forced-
convection cooling of single phase helium inside hollow conductors. These 
conductors are cryostabilized by utilizing those with small diameters, 
high pressure drops, and small channel diameters to obtain high heat 
transfer coefficients and large cooling surface areas. Accordingly, a 
development effort is desirable and is being carried out to achieve the 
high current densities of several kiloamperes per square ccntimeter. 

Boiling systems are still viable if the heat flux from the cooled 
surfaces can be kept below about 0.5W/cm2. 



Table 6.3. Electromagnetics scoping process 

Toroidal field magnetics 

Electrical protection 

Stored energy removal*1 
Active-switched 
External dump R V 
Capacitor bank 
storage or com-
bined LCR circuit D 

Active — in situ 
Imbedded heater X 
Flow interruption X 

Passive 
Inductive transfer 
through supercon-
ducting secondary 
or normal 
secondary X 

Redistribution X 

C o i l c o n n e c t i o n 

F i x e d 

Series 
Parallel 

Switch into 
Series 
Parallel 
Series/ 
Parallel 
Flexible 

Control protection1'k 
Number of P.S.C 
Single X 
Few V 
Many X 

Loss limitation 
Pancake V 
Coil 0 
Zone (small) X 
Sector (large) 
Entire magnet X 
Conductive case 
or structure X 

External cryogenic system 

Refrigerator type2 
Centrifugal compressor D3 

Reciprocating compressor X4 

Screw compressor D5 

M a g n e t hookup6 

Series V 
Parallel V 
Series/Parallel V 
Individual V 

V, favorable; X, unfavorable; D, unknown or unlikely to be favorable. 
References and footnotes for Table 6.3: 

T. Yeh, J. N. Luton, J. E. Simpkins, "Current Averaging and Coil Segmentation in the Protection of Large 
Toroidal Superconducting Magnet Systems," SCMDP Annual Report, 0RNL/TM-5019, Appendix El (1975). 

^H. T. Yeh, "Several Computer Codes for the Design of Coil Protection System, Quenching Analysis, and Eddy 
Current Shielding," SCMDP Annual Report, 0RNL/TM-5019, Appendix E7 (1975). 
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Table 6 . 3 . (continued) 

References and footnotes for Table 6.3: 
CD. L. Sockwell, "Power Supply Considerations," SCMDP Annual Report, 

0RNL/TM-5019, Appendix E8 (1975). 
1See Tables 6.5, 6.6, and 6.7 for further information. 
2Principal selection factors are reliability and maintenance. 
3Requires adaptation for helium service. 
^High maintenance required; usable only as fallback position. 
5Requires operating experience for evaluation. 
^Selection depends upon system safety and reliability. 



Table 6.4. Electromagnetics scoping process — evaluation of structural materials 

^ v . Selection 
^ v f actors'1 

Material 

Toughness 
Magnetic 

permeability 
(low value 

desirable) 

Availability Cost Fabricability Structural 
stability 

2 1 Cr-6Ni-
9 Mn 
Stainless 

V V V V \ld V 

AISI 310 S 
Stainless V V V b V 0d V 

AISl 304L, 
321, 347 
Stainless 

V e V V V i 

Inconels 
(Ni-base) V e Mb V C V V 

V, favorable; D, unknown or unlikely to be favorable. 
Notes: 

^There are other important data required for design purposes, such as e)istic modulus, thermal conduc-
tivity, thermal conduction, electrical resistance, etc., but for the candidate materials the difference in 
these factors is minor and does not affect choice. 

Low present production capacity; requires long lead time. 
"̂ Higher than the others by a factor of 2-5. 
^Voidability requires further development. 
"Significant uncertainty regarding the criteria for judgement, i.e 

and what value is most desirable. 
^These materials undergo phase change from austenitic to martensitic, causing change in volume 

the importance of the change is at present uncertain. 

how important is low permeability 

However, 
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Redistribution 

X" 

V , f a v o r a b l e ; X , u n f a v o r a b l e ; D , u n k n o w n o r u n l i k e l y t o b e f a v o r a b l e . 

N o t e s : 

^Excessive downtime resulting from the time required to recool the magnet. 
^Less than 50% energy extraction efficiency. 
Requires development of internal thermal shunts or heat drains. 



Table 6.6. Scoping selection — TF coils — electrical connections 

Choices 
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60 C a) r-l 

• r t •H i-i a> X Cti 

Fixed 
Series 
Parallel 
Series/Parallel 

!« 
D 

X 
V 
D 

X 
D 
D 

Switch into 
Series V 
Parallel V 
Series/Parallel V 
Flexible V 

X 
D 
V 

V 
V 
V 
V 

V 
D 
V 
V 

V 
V 
V 

V, favorable; X, unfavorable; D, unknown or unlikely to be favorable. 
Notes: 

aEach quench incident discharges more than a single coil. 
Large induced current in coils adjacent to the quenched one leads to large out-of-plane loads. 

c. 

Induced voltage in unquenched coils may be comparable to terminal voltage of the quenched coil. 
^Flexible connection is difficult to install and is prone to error. 



Table 6.7. Scoping selection — TF coils — control/protection 
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Number of P.S. 
Single V xfl D D 
Few h V V D 
Many X V V D 

Loss limitation 
Pancake D D NA V 
Coil V V NA Db Zone (small) V V NA \ Sector (large) V V HA Xfa Entire Magnet V V NA 

V, favorable; X, unfavorable; D, unknown or unlikely to be favorable; NA, not applicable. 
Notes: 

^An individual pancake is difficult to protect as it is in a cryogenic dewar in common with many 
other pancakes. 

Cost and replacement time are excessive if more than one coil is lost or damaged during a quench. 
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6.1.3 Structural Materials 

Table 6.A contains an evaluation of the candidate materials. The 
structural material presently envisioned for EPR is an austenitic stain-
less steel known as "21-6-9" or "Nitronic 40." Its basic composition is 
21Cr-6Ni-9Mn-balance Fe. Stainless steel 21-6-9 is much more structurally 
stable (less inclined to transform to martensite) than the most common 
austenitic stainless steel, AISI 304, and possesses a yield strength 
which at cryogenic temperatures is higher by a factor of 2.5. Thus 
stress levels are determined by allowable strain in the conductor rather 
than by the yield stress of the structural alloy. As compared with AISI 
310S, also used for cryogenic devices, 21-6-9 offers hign'er yield strength 
at lower cost. Stainless steel 21-6-9 has been used in the Baseball exper-
iments at Livermore and in the Oak Ridge IMP magnet. Engineers associated 
with both devices report that it performed satisfactorily. The principal 
area in which work needs to be done on 21-6-9 is fabrication, especially 
weldability. The Baseball magnets were welded up from heavy plate, a 
technique that would place restraints on the design of toroidal field 
coils and should be avoided if possible. Different welding methods 
should be investigated to provide information to magnet designers. 

6.1.4 Coil Protection and Electrical Connection 

A preliminary comparison of several different schemes for coil pro-
tection and electrical connection in large toroidal superconducting mag-
net systems has been carried out.1 Tables 6.5, 6.6, and 6.7 present 
evaluations of the various techniques for stored energy removal, elec-
trical connections, and control/protection. Using this information, 
the recommendations developed in Ref. 1 are that the design should rely 
on external dump resistors for coil protection and that the coils in the 
toroidal magnet should be connected in several parallel loops (e.g., 
every fourth coil is connected into a single loop). In the case of the 
quenching of a single coil, the quenched coil should be isolated by 
switching devices from the loop to which it previously belonged. The 
magnet, as a whole, should be discharged if more than a few coils have 
quenched. A detailed discussion of the protection problem, protection 
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schemes for a single coil, and protection schemes for multiple coils is 
contained in Ref. 1. 

6.1.5 Cryogenics 

The cryogenic system supporting the toroidal field magnets will 
consist of a helium refrigerator and reliquefier. The refrigeration 
requirement for each coil is estimated to be 0.5 kW at 4.2 K. There 
appears to be no difficulty in obtaining the 10 kW required for the 20 
coils. 

The forced-convection cooling of the toroidal field magnets may 
require flow pressure drops of up to 3 atm to achieve heat transfer and 
cooling adequate for magnet stability. These pressure drops and the 
associated flows will require special provision to be made in the design 
for pumping of the helium through the magnets. Only small laboratory-
size liquid helium pumps exist today. 

Continuous cooling of the magnets is a necessity. Accordingly, 
special attention must be given to the number and arrangement of com-
pressors and cold boxes so as to obtain reliable operation and allow for 
both scheduled and unscheduled maintenance. The possibilities include 
parallel and series hookups of the cold boxes and liquid helium pumping 
supply with the magnets. The optimum hookup will depend on the size of 
refrigerator unit available, the mean time to failure of the units, and 
(for operational reasons) the magnet electrical hookup of the magnet. 

Heat loads in the magnet result from neutron or gamma radiation. 
Other than keeping these loads to an acceptable level through the in-
stallation of adequate radiation shielding, there seems to be no r.ajor 
problem associated with the helium system for an EPR device. The pump-
ing system might utilize a mechanical pump, which would have to be 
developed, or a refrigerator compressor. If the compressor is used, 
the helium would enter the magnet at supercritical pressures. The 
standard refrigerator flow would have to be modified to subcool the 
pressurized hel ium to the operating temperature of about 4.2 K. 
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6.1.6 Structural Analysis 

It became apparent during the preparation of the scoping study that 
few data were available on which to base even a very crude design of the 
toroidal field coil structure for a system the size of the EPR. Although 
a number of fairly detailed structural analyses have been performed on 
the toroidal field magnet systems of other tokamaks, none of these in-
volved structures of the large size under consideration here. Therefore, 
it was decided that a structural analysis effort on the toroidal field 
magnet system would have to be undertaken to support the scoping study 
and subsequent preconceptual design programs. 

The general approach used in developing the desired structural 
analysis is shown in Fig. 6.1. As seen from this figure, a number of 
basic decisions had to be made in order to perform the analysis. First, 
a representative structure had to be selected for analysis. A decision 
was made to evaluate initially a non-circular coil system, since such a 
system was a likely design choice, and little work had been done on 
stress analysis for such a design. 

Next, the type and scope of the desired analysis had to be deter-
mined. Two basic criteria guided this determination. First, the analysis 
would have to be sufficiently complete so that the effect of all signifi-
cant design loads could be investigated. This criterion suggested that 
a three-dimensional finite-element structural analysis technique be 
used, with the finite-element model being either a full model or a sym-
metric submodel of the toroidal field coil structural system. Second, 
the model would have to be simple enough so that it could be used to 
evaluate the effect of numerous design parameters and load conditions 
without expending excessive amounts of computer time. This criterion 
suggested the use of elementary beam and plate elements for simulating 
the structural system. 

The finite-element model that has been developed is shown in Figs. 
6.2 and 6.3. As seen from Fig. 6.2, this model represents a symmetric 
quarter section of the toroidal field coil system. The beam and plate 
model shown in Fig. 6.3 has been developed for use with the NASTRAN 
finite-element computer program. It should be noted that this idealized 
model has been developed to represent the structure shown in Fig. 6.4. 
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O R N L DWG 77 3 6 8 3 

Fig. 6.1 General approach for finite element analysis. 
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Fig. 6.2 Basic model of the toroidal field system used as input in the 
structural analysis. 
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Fig. •'5.3 Finite element model of EPR toroidal field coil structural system. 
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Fig. 6.4 Scoping structural detail for EPR toroidal coil. 
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Next, the set of significant loading conditions was selected. The 
source of largest loads is that resulting from the field that is produced 
by the toroidal field coils. It -«/as decided that the initial analysis 
effort would be restricted to a consideration of the effect of these 
in-plane loads under non-pulsing operating conditions. The analysis 
model was developed so that fault conditions and vertical fields could 
be readily included as more knowledge of the poloidal field and protec-
tion system was developed. This decision was dictated in part by a de-
sire to have some general stress data available during the scoping study, 
in order that basic sizing of the toroidal field system structure could 
be accomplished. It should also be noted that although the symmetric 
quarter model can be used to determine stresses in the entire structure, 
through proper use of symmetric as well as antisymmetric loads and 
boundary conditions, the loading condition initially considered was com-
pletely symmetric. The loads applied to each toroidal field coil in this 
initial normal loading condition are shown in Fig. 6.5. 

To date, several model configurations have been evaluated to deter-
mine the stresses imposed by the action of toroidal field loads under 
non-pulsing operating conditions. Some of these configurations are 
described below. Two criteria were used to determine the acceptability 
of each of these designs: (1) the maximum strain in the conductor should 
not exceed 0.1% (i.e., approximately 15,000 psi in conductor) and (2) the 
maximum stress in any steel structure should not exceed 60,000 psi. 

In the analysis, two basic configurations were considered. The 
first configuration was a substructure of the complete model shown in 
Fig. 6.3, consisting of the toroidal field coils, the coil-to-coil inter-
face structure, and the main hub structure, with the secondary hub 
structure excluded The secondary hub structure corresponds to the hub 
structure in Fig, w , 145 in. or more above (and below) the equatorial 
plane. The second configuration was the complete model of Fig. 6.3. As 
stated earlier, the loading condition was the normal operating one of 
pure radial (normal to the coil) in-plane loads, as shown in Fig. 6.5. 
The resulting stress state in the field coils is shown in Figs. 6.6 and 
6.7. The results shown represent three cases: cases 1 and 2 were run 
with the first model configuration (i.e., secondary hub structure 
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Fig. 6.5 Toroidal field loads as acting on one toroidal field coil. 
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Fig . 6 .6 A x i a l stress i n Che c o i l . 
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F i g . 6 .7 Bending s t r e s s i n t h e c o i l . 
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excluded), while case 3 was run with the complete mcdel. The dif ference 
between cases 1 and 2 is that in case 2 the dimension of the compression 
hub was increased from the 2 - i n . thickness shown in Fig. 6.4 to a th ick -
ness of 5 in . Case 3 had the dimensions shown in Fig. 6 .4 . 

From these resul ts , one can draw several important conclusions: 
1) The secondary hub structure has l i t t l e e f fec t on the 

stress state of the c o i l , and what e f fec t i t does have 
seems to be harmful. 

2) The addition of extra material to the compression hub 
produces considerable improvement in the bending stress 
d is t r ibut ion , but only s l igh t ly reduces the ax ia l stress. 

3) In terms of the design c r i t e r i o n , s t ra in should not 
exceed 0.1% in the superconductor (corresponding roughly 
to a stress l eve l of 30,000 psi in the s tee l adjacent to 
the superconductor). Cases 1 and 3 had maximum combined 
( a x i a l plus bending) stresses of 49,200 psi and 50,900 
ps i , respect ively, at the edge of the superconductor 
cavi ty , while case 2, with the 5 - in . compression hub, 
had a maximum combined stress at the cavity edge of 
38,600 psi . Thus, i t seems l i k e l y that th is c r i t e r i o n 
can be met with minor changes in the co i l cross section 
and/or the hub. 

4) I n terms of the design c r i t e r ion that no stress exceed 
60,000 psi anywhere in the structure, we f ind that where 
the hub is weakest at i t s equator, the configurations 
with 2 - i n . compression hubs had a nominal maximum normal 
stress of -240,000 ps i , and the case with the 5 - i n . com-
pression hub had a maximum normal stress of -139,000 psi . 
While this indicates that the design is s t i l l far from 
meeting the second c r i t e i i o n , i t seems l i k e l y that only 
reasonable increases in hub thicknesses would be needed 
to reduce stresses to an acceptable l e v e l . 

Simultaneously, a run was made with the hub-coil in ter face f u l l y 
constrained (e f fec t i ve ly making the hub r i g i d ) . I t was found that the 
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maximum bending stress in the coil structure rose some 39% over the 
previous worst case. The conclusion to draw from this is that one can 
make the hub too rigid relative to the coil-to-coil interface structure, 
with deleterious results. These two components should be balanced so as 
to minimize stresses in the structure. 

From the standpoint of deflections, maximum deflection in the 
structure occurred in the coil at the equator. In those cases with 
2-in. compression hubs this deflection was nominally 0.60 in., while 
in the. 5-in. case it was 0.27 in. 

Currently the out-of-plane loading caused by the vertical field 
coils is being looked at, but it is still too early to draw any detailed 
conclusions. It seems reasonable, however, that because of the rela-
tive flexibility of the structure to out-of-plane loads, excessive 
deflections may prove to be a problem. Also, it remains to be seen what 
effect the fault condition loadings will have on the structure. The 
latter loads, since they are also cut-of-plane and furthermore are con-
siderably larger than the vertical field coil loads, may well present 
the most serious design problems. 

ft. 1.7 Fabricability 

Each TF coil developed in the first nominal design weighs 168 x 103 

lbs. This weight is composed of 52 x 103 lbs of superconductor, 
115 x 103 lbs of stainless steel, and 650 lbs of polymer insula-
tion. The availability of these quantities is not yet known, but an 
SCMDP Industrial Capability study should provide some estimates by FY 1977. 
The work that has been done in FY 1975 on stress analysis indicates the 
feasibility of fabricating the coil cases in small pieces and joining 
them during coil assembly. The need for long conductor will always be 
part of coil fabrication, so that the quantity of joints can be reduced. 
Variations of coil cavity compartmentalization and bussing are being 
considered for several reasons: 

1) to reduce winding time and precision required to over-
came the accumulation of individual tolerances, 

2) to reduce weight of coil units being handled, 
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3) to increase joint reliability, 
4) to provide longer service life for portions of the 

coil, and 
5) to provide quench protection. 
The coil shown in Fig. 6.4 has the following mechanical properties 

to be dealt with in a fabrication facility: 
Outside envelope 42 ft x 32 ft oval, 42 ft rotary diam 
Total weight 84 tons 
Number of rows 40 
Turns per row 130 
Minimum number of joints 80 
Weight per row 1300 lbs 
Length per turn ^100 ft 
Figure 6.8 shows a possible winding machine. The figure shows the 

winding of three preinsulated conductors in parallel. 
At this writing, we can expect conductors 3.3 mm thick, so that 

each revolution of the winding machine would build 1 cm radially , or 
43 revolutions per row of coil. We can also expect conductors 1 cm wide, 
or 40 rows per coil. Each payout reel on the winding machine contains 
4300 ft of conductor, which is connected to the coil case on preassem-
bled crossovers 120° apart around the case. With this method, each row 
could be wound in two days. If there were two winding machines, one 
assembly bench, and 20 assembly operations each taking four days, a coil 
assembly could be produced every 90 days. 

6.1.8 Recommendations for Reference Design 

The scoping studies led to the following recommendations for the 
EPR reference design at the beginning oi" the FY 1976 Studies: 

A hollow-conduit, forced-flow, helium-cooled conductor design 
should be used with Nb3Sn and NbTi multifilamentary stranded wire in 
the high and low field regions, respectively. The hollow conduit design 
holds great promise as a (sturdy) structural element to be used to secure 
individual cables and to provide a channel for pressurized helium around 
the cables for cryostability. The stability results from a combination of 
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-

L L E V M I O N 
WIK1QING MACHINE. 

Fig. 6.8 Concept of a winding machine for EPR toroidal field coils. 
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high heat transfer and large surface area in contact with helium, rather 
than from a large perimeter of copper. The structure will be either a 
welded honeycomb type or a solid plate with machined grooves for the 
cabled conductor. The windings are in layers rather than pancakes, 
since in the latter design there must be a joint between the Nb3Sn and 
NbTi in every pancake. An optional design employing only NbTi is also 
under consideration in the event that the Nb3Sn multifilamentary wire 
development does not proceed at a rapid enough pace. For the design with 
NbTi, pancake winding will most probably be employed. The final choice 
will depend on the cryogenic paths that are permissible. The incentive 
for high fields is sufficiently great (from the point of view of ensuring 
the highest probability of plasma ignition) that the necessary develop-
ment time for commercial Nb3Sn wire is accepted. A graded conductor is 
suggested to minimize expense, although a closer look must be taken at 
the advantages of Nb3Sn relative to its cost. All of the above design 
features are being employed for the first time in our reference design. 
A short discussion on the reasoning and background history that resulted 
in these particular choices is contained in Appendix C. 

A field ripple of ^2% seems both attainable and adequate in the 
light of presently understood plasma requirements. The value of the peak 
field used as a design objective is taken as 11 T, in order to leave a 
sufficient engineering margin for reliable operation. 

With respect to shape, a flattened oval is recommended on the basis 
of minimum bending movements. Other factors, including fabr:cation cost 
and structural cost under fault condition, must still be considered before 
a final decision is made. 

Other specific recommendations are contained An the EPR reference 
design report, 0RNL/TM-5042 (1975). 

6.1.9 Principal Development Requirements 

A list of the individual component developments supporting the 
recommendations for the reference design would be a long one. The key 
requirements are those associated with the forced-flow hollow conduit 
concept, the Nb3Sn filamentary conductor, and the embedding of this 
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".onductor in an aluminum matrix. Many other problems such as high voltage 
across helium terminations, fatigue-resistant fiber-reinforced plastics, 
cryogenic pumps, and coil protection are discussed in more detail in the 
Prugram Plan of the DCTR-ORNL Superconducting Magnet Development Program. 
This plan (ORNL/TM-5109) is directed at and consistent with the require-
ments of th2 EPR reference designs. 

6.2 POLOIDAL FIELD SYSTEM 

6.2.1 Definition and Requirements 

The poloidal field system includes those components needed to initi-
ate, drive, and control the plasma current, i.e., the coils, the magnetic 
circuit, and the power and control systems. 

The requirements of this system include: 
1) A particular set of voltage and current waveforms 
2) A controlled plasma position during startup, burn, and 

shutdown 
3) Electromagnetic shielding at the TF coils against tran-

sient fields that may cause quenching 
4) A minimized plasma inductive energy and poloidal flux 
5) A minimized stored vertical field energy 
6) Reduced eddy current heating and field distortion 
7) A vertical field inductively driven by the plasma to 

facilitate control 
8) Electromagnetic fields needed for plasma confinement, 

heating, optimum shape, and optimum boundary conditions 
9) Conservation of stored magnetic energy 
10) Maximized plasma currents. 
It is not possible to satisfy fully all of these optimum require-

ments. For example, startup requirements may be incompatible with 
electromagnetic shielding. 
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6.2.2 Consideration of Possibilities 

The topics under detailed consideration have been limited to a pre-
liminary examination of approximate volt-second requirements, shielding 
schemes, and coil position optimization. The range of problems yet to 
be considered is indicrted in Table 6.8. Some listings, such as 
"divertor," represent technological and plasma physics unknowns and 
require experimental and theoretical investigation. There are several 
such programs in progress. 

A. OPERATION 
Preionization or discharge cleaning. In order to obtain efficient 

discharge breakdown, many preionization techniques have been used, in-
cluding filaments, rf heating, and neutral beams. In all cases, a large 
initial voltage is required for plasma breakdown.^ 

Plasma current driving. There are several plasma current driving 
schemes in use and the details depend on whether an iron core is present. 
If an unsaturated iron core is present, the primary windings may be 
closely wrapped near the plasma,^ to reduce external flux, or wrapped 
directly on the iron core.1*-7 In some machines,5 the leakage flux 
from the primary is used to provide part of the equilibrium vertical 
fie It". 

For air core machines, the current in the air core significantly 
exceeds the plasma current. The primary ohmic heating and current driv-
ing windings may be wrapped inside8-11 or outside12 the toroidal 
field coils. The air core can provide a large flux change, since it is 
not limited by iron-saturation. The positioning depends on tradeoffs 
between flux swing and available plasma volume and fields on the toroidal 
coils. 

B. CONTROL 

Vertical field. In all the earlier t o k a m a k s , a n equilibrium 
vertical field was provided by eddy currents in a conducting shell. Some-
times these are supplemented by externally driven vertical field coils. 
The skin times of these shells are limited and they occupy a valuable 
volume of magnetic field. Machines without a conducting shell have been 
successfully operated,7.9 so it is felt that such a shell is not essential. 



Table 6.8 Foloidal field scoping task identification 

Internal to tokamak External to tokamak 

Electromagnetics Conductor 

Distinct coil needs EM fields 

Operation 
Pre-ionization or discharge cleaning 
Plasma current driving 

Control 
Vertical field 
Rapid vertical and radial feedback 
Plasma position sensing 
Shaping 
Magnetic limiter 
Divertor 
Startup stellarator or multipole 

Heating 
Compression 
RF 

D. Magnetic Shielding 
Conducting shell 
Eddy current shields 
Lead compensation and 
stray field correction 

TF coil shielding 

E. Magnetic circuit 
Iron core 
Air core 
Iron-air core 
Core bias 
Core leakage 
compensation 

Type 
H20 
C.R. 
S/C 
Liquid metal 

Topology 
Each coil set has 
a range of 
possibilities 

Energy storage 
Energy supply 
Controls 
Protection 
Feedback 
Self-inductive storage 
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In a reactor, the blanket may function as a conducting shell because of 
the large amount of high conductivity liquid metal. 

Rapid vertical and radial feedback coupled with plasma position 
sensing. The control and centering of the plasma requires a system of 
complex feedback circuits. One such system is described in Ref. 7. It 
is used in designs with conducting shells, such as ORMAK (ORNL) and TFR 
(Fontenay-aux-Roses, France). Various current sensing coils are required. 
A different type of feedback system is used in T0-1 (Kurchatov Institute, 
Moscow). 

Shaping. A non-circular plasma cross section may offer advantages 
in stability or increase of plasma pressure. Experiments have been con-
ducted along these lines, especially in the Doublet series (GAC). Re-
sults from Doublet III will be very important in determining the useful-
ness of this technique. 

Magnetic limiter and divertor. The principal experiment to give 
results in this area will be PDX (PPPL). The efficiency of the divertor 
technique remains to be demonstrated for a large tokamak. Experiments 
were conducted with a toroidal divertor on C-Stellarator (PPPL), and with 
axisymmetric divertors on FM-1 (PPPL), the GAC Octupole, and JFT-2a 
(JAERI, Tokai, Japan). The bundle divertor experiments on DITE (Culham 
Laboratory, Abingdon, Oxfordshire, England) will be of interest. 

Startup stellarator or multipole. Control of the breakdown and 
buildup of current may be possible using external multipoles. This tech-
nique has been studied on PULSATOR (Garching, Germany) and ATC (PPPL). 

C. HEATING 
Compression. The technique of adiabatic compressional heating has 

been demonstrated on ATC, and is planned for TFTR (PPPL). Since a reactor 
may require that the entire vacuum vessel achieve adequate plasma confine-
ment, compressional heating may be of limited use in large devices. The 
feasibility of this technique depends critically on plasma scaling laws. 

D. MAGNETIC SHIELDING 
As has been mentioned, the blanket may provide some eddy current 

shielding. The toroidal field coils may also have plates to provide 
shielding. Another method is the STATIC13 method (Shielded Tokamak, 
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Air Transformer, Iron Core), described in the EPR reference design, 
0RNL/TM-5042. 

E. MAGNETIC CIRCUIT 
In addition to the air core or iron core tokamaks already discussed, 

the design for the Joint European Tokamak (based presently at Culham 
Laboratory, Abingdon, Oxfordshire, England) uses an air-iron system, in 
which saturated iron is used to provide a closed magnetic circuit by 
increasing the transformer flux swing and unsaturated return legs. In 
order for this arrangement to be successful, there must be minimal leak-
age from the iron at the saturated interface. 

6.2.3 Poloidal Coil Design 

The principal scoping considerations in the poloidal coil design 
activity were focused on the central air core solenoid; they are tabu-
lated in Table 6.9. In addition to the type of coil scheme used, three 
specific question areas are listed: conductor design, conductor mate-
rials, and conductor stabilization. The supporting reasoning for the 
evaluations is given in notes accompanying the table. 

6.2.4 Energy Storage, Switching, and Power Supplies 

The energy that will be stored in the ohmic heating coils of the 
EPR is on the order of several gigajoules. Consideration is being given 
to the economic and theoretical aspects of storage and transfer of such 
energies. There are a number of devices in use today for delivery and/or 
storage of large amounts of energy, including: 

1) solid state bridges, 
2) flywheel generators, 
3) capacitor banks, 
4) batteries, and 
5) homopolar generators. 
Solid-state, full-wave bridge systems of moderate size have one 

distinct advantage: no development is needed. Present-day capacitors 
and battery banks are too small for any of these systems. The vertical 
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Table 6.9 Electromagnetics scoping process 
poloidal field magnetics — ohmlc heating air core coil 

Conductor considerations 

Type1 

H20 
C.R. 
S/C 

Conductor Design' 
Monolithic 
Tape (Nb3Sn) 
Cable and braid 

Materials 
S/C3 

NbTi 
Nb 3Sn 
V3Ga, etc. 

Stabilizer4 

Cu 
CuNi 
Al 

Structure5 

Helium channels 
Stainless steel 
Fiber-reinforced plastic 

Stress bearing 
Stainless 
Fiber-reinforced plastic 

Stabilization6 

Fully cryostabilized 
Partially cryostabilized 
Adiabatic 

Judgement 
X 
V 
/ \ 

D 

X 
X 
D 

V 
V 
D 

V 
D 

X 
D 

D 
D 
X 

V, favorable; X, unfavorable; D, unknown or unlikely 
to be favorable. 
Notes will be found on the following pages. 
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Table 6.9 (continued) 

Notes accompanying Table 6.9: 
*Type. Water-cooled and oryoresistive coils were found undesirable 

for two reasons: (1) significant power consumption occurs in the center 
of a large structure, all of which is at 4 K. The refrigeration load is 
large and increases the overall cryogenics problem. (2) these tech-
nologies are of limited usefulness in the solution of expected design 
requirements in the Demonstration Reactor and beyond. 

Superconducting coils were found acceptable, both for reducing the 
refrigeration load and power supply, and for use in future reactors. 
The development of pulsed superconductors will be expensive, but there 
is sufficient justification to warrant the cost. 

2Conductor design. The principal selection criterion is the mini-
mizing of helium heating from pulsed field losses. Even though monolithic 
conductors can be sound structurally, they do have large coupling or 
residual twist losses and eddy current losses in pulsed magnetic fields. 
Tape conductors, which cannot be twisted, have very large coupling and 
eddy current losses. 

Cable or braid conductors employ twisting and "laminating," as well as 
transposition (in braid only), to reduce coupling and eddy current 
losses. Low conductivity materials such as CuNi are used to "laminate" 
the individual Cu clad filaments, separating them from each other. 
These conductors can be made structurally stable by enclosure within a 
hollow steel conduit and can be made cryostable by using forced flow 
helium in the conduit. 

3Superconducting materials. The choice of superconductor is based 
principally upon availability in the design period; the projected date 
for the EPR is 1985. In this light, V3Ga and other exotics do not seem 
a feasible choice, because of their developmental status relative to 
Nb3Sn and NbTi. Both Nb3Sn and NbTi are sufficiently advanced (certainly 
NbTi more than Nb3Sn) to permit consideration in this time scale. 

^Stabilizer. When discussing stabilizing material, it is necessary 
to evaluate separately the considerations for each particular super-
conductor. 

For Nb3Sn, the chemical reaction necessary to develop the Nb3Sn from Nb 
and CuSn must be produced after the wire is fabricated. The fact that 
the reaction temperature is greater than the melting temperature for Al 
at this point prevents the use of Al in Nb3Sn. The intrinsic copper 
alloy in a Nb3Sn-Cu conductor is CuSn, which is not as high in resistivity 
as CuNi and therefore does not provide as much decoupling as does a CuNi 
barrier. The concept of improving the decoupling by adding a CuNi barrier 
has not yet been seriously considered. 
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For NbTi, however, the chemical reaction process is not a principal 
determinant in the stabilizer selection. Neither Cu nor Al alone would 
provide sufficient decoupling to allow use in a pulsed field. The use of 
Al (and possibly an aluminum oxide) is under consideration, but there is 
significant uncertainty about the fabrication process. The availability 
of Cu and CuNi is more certain because significant quantities of NbTi: 
Cu:CuNi are being manufactured for the active conductor development 
program at LASL. 

For the reasons presented above, we have chosen NbTi:Cu:CuNi as the 
acceptable composite. 

Structure. In order to minimize eddy current losses, it is necessary 
to separate the two structural functions of coolant channeling and load 
bearing. A solid load bearing, coolant channel would have intolerable 
pulsed field losses. 

In the helium channel design problem, two possibilities are considered. A 
thin-wall stainless steel tube provides a reliable, high integrity coolant 
channel. A fiber-reinforced plastic tube would eliminate the residual 
structural eddy current losses, but there are important unanswered questions 
about its use in high-pressure cryogenic service. 

In terms of stress bearing, the same considerations hold. The difference, 
however, is that a stainless steel structure is inadmissible here because 
of the high eddy current losses associated with thick members. Fiber-
reinforced plastic must be used, but development is required to ascertain 
its applicability and design properties. Questions of conducting versus 
non-conducting fibers must also be addressed. 

^Stabilization. Definition of each of these methods is contained in the 
notes accompanying Table 6.1. 

Adiabatic stabilization is considered unacceptable for pulsed, high-duty-
cycle service, because, the helium replacement rate is lower than the 
repetition rate, and the safety margin is therefore judged to be 
insufficient. 

Both cryostability and partial cryostability are attractive design options. 
The former provides sufficient thermal inertia when all current is in the 
stabilizer, and the latter provides sufficient thermal inertia given a fixed 
acceptable recovery time. Both, however, require significant development, 
as this entire concept of cryostabilized cable in hollow conduit is new. 
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trim coils, shielding coils, and toroidal field coils are each under 100 
MW, as is the supply used to charge up the ohmic heating coils initially. 
These supplies will either be solid-state systems or conventional motor-
generator sets with rectifiers. In either case the question of whether 
to dump the stored energy each cycle or feed it back through the con-
verters remains open. The ratings for these various power supplies are 
shown in Tabic 6.10. 

The electrical requirements of the driving system needed to power 
the ohmic heating coil during the plasma breakdown interval (%2 sec) 
are considerably more demanding. Consideration is presently being given 
to a proposal to reverse-bias the ohmic heating coil before firing and 
to switch the primary current from full negative to full (or nearly full) 
positive, in order to achieve a maximum flux change in the plasma. This 
requires approximately 2 GJ to be transferred from the ohmic 
heating coil to some energy storage device and then back again in a 
period of about 2 sec. Using present design parameters, this implies 
peak ratings of 33 kV and 175 kA if the transfer is made sinusoidally; 
21 kV and 175 kA if the transfer is made linearly. Such a system is 
not presently available. Development of large homopolar generators for 
this job is being given serious consideration, and they are shown as the 
current reversing element in the present scoping study design, Fig. 6.9. 
The largest suitable device presently in existence is a 560-MJ machine 
at the National Australian University in Canberra.14 The principal de-
signer, E. K. Inall, forsees no insurmountable problems in scaling the 
device up by a factor of about 4.153 However, development will be neces-
sary to improve the brushes and bearings, which pose problems in the 
homopolar generator. It is not at all obvious that homopolar generators 
are the best solution to this problem. Many people feel that conven-
tional flywheel motor generator sets could do the job satisfactorily. 
LASL is taking up this question in detail. A block diagram of this 
energy transfer hookup is shown in Fig. 6.9. 

Switchgear may or may not be a problem depending on the ohmic heat-
ing circuit itself. The switches connecting the power supply to the 
ohmic heating coils will need to be rated at around 33 kV and 175 kA. 
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Table 6.10 OH system power supply ratings 

I V Peak 

Ohmic heating 175 kA 500 V 88 MW 

Shielding 440 kA 220 V 96 MW 

Vertical trim 140 kA 110 V 16 MW 

Toroidal field modules (20 units) 20 kA 14 V 280 kW 
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The largest dc breakers presently avai lable appear to be the Westinghouse 
SF6 breakers rated at 500 kV and 60 kA. The a v a i l a b i l i t y of switchgear 
is set forth in Table 6.11; these figures are taken from a summary of 
energy requirements and capabi l i t ies that appears in Ref. 16. 

6 .2 .5 Recommendation for Reference Design 

The design is based on the STATIC concept proposed by F. B. Marcus.13 

In this implementation, an iron corc is not used because of control 
d i f f i c u l t i e s when the iron changes from saturated to unsaturated. The 
system consists of an a i r core transformer wound between the toroidal 
f i e l d coi ls and the axis outside the TF co i ls . Current in these control 
windings is d istr ibuted so that the f lux is returned. A closely coupled 
winding carries a current equal and opposite to the plasma current. These 
shield coi ls are in series with power supply and a decoupling c o i l at 
the same posit ion as the central winding. A tap could possibly replace 
the decoupling c o i l . The shield coi ls function as a driven conducting 
s h e l l , providing the equil ibrium v e r t i c a l f i e l d . The reference design 
(ORNL/TM-5042) should be consulted for d e t a i l s . 

The most a t t rac t i ve conductor design for the pulsed applicat ion 
appears to be NbTi superconductor in a Cu:CuNi matrix used in a forced 
flow, cryostable hollow conduit configuration. 

A scaleup of the homopolar generator and switchgear is necessary 
for this appl icat ion. 

6 . 2 . 6 Pr incipal Development Requirements 

The pr inc ipal requirements are in many cases the same as the plasma 
requirements. Specific areas include: 

• Plasma skin depth. Unt i l this process is understood, the 
dynamic behavior of a tokamak cannot be predicted. Com-
puter modeling and large plasma experiments are required. 
This question is d i rec t ly related to the phases of gas 
breakdown, star tup, and shutdown. 
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Table 6.11 Circuit interruption candidates (see Ref. 16) 

V I Cost max max RRRV 
($) (kV) (kA) (kV/us) 

S F 6 

(230SF20000, West.) 22,000 500 60 1.0 

Air blast 

(ATB7, GE) 23,000 500 60 0.5 

Vacuum 

(R-4, West.) 2,200 100 25 5.0 

SCR 

(601PS, GE) 100 1.7 12 0.1 

Plasma valve (Hughes) (30,000) 100 40 5.0 
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Analysis of the interrelated plasma and magnetic require-
ments on the shielding system (STATIC), limiters, divertors, 
and equilibrium coils. Specific problems include: 
1) control of the plasma current, 
2) distribution, 
3) boundary modification, and 
4) wall protection. 
Further engineering studies should include eddy current 
effects and saturated iron core analysis. 

In addition, many questions about the use of superconductors in a 
pulsed field remain. As stated in the notes accompanying Table 6.9, 
these questions include fabrication of the composite matrix, normal con-
ductor, and superconductor; design and fabrication of low-loss structure; 
and details of cryogenic vs partially cryogenic stabilization. 

In energy storage and switching, more work is needed to ascertain 
the applicability of a scaleup of the Canberra homopolar and to study 
the possibility of using existing switchgear technology. 
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7. NEUTRAL BEAM INJECTION SYSTEM 

7.1 DEFINITION AND REQUIREMENTS 

The function of the neutral beam xnjectors is to contribute to start-
up heating of the plasma and, if ignition is not reached, t' provide 
supplementary heating in order to achieve useful power levels in a beam-
driven EPR. The injectors consist of: (1) a deuterium gas source that is 
supplied from the tritium process system (Sect. 8.2); (2) ion accelerator 
including a deuterium plasma source, extraction electrodes, and accelerat-
ing electrodes; (3) neutralizer; (4) magnetic ion deflector; (5) d̂ '.ft 
tube; and (6) controls. An ion energy recovery system is an optional 
feature for reducing power needs. The injectors are supplied with power 
by the injector powar supply and are evacuated by the injector vacuum 
system (Sect. 8.1). 

Neutral injection system energy and power requirements are determined 
by properties of the plasma. Based on the analysis reported in Sect. 4, 
the design goal for neutral beams delivered to the EPR plasma was set at 
100 MW at 200 keV in convenient modules. The duration of beam injection 
is governed by: 

a) the volt-second OH limit if the EPR is capable of 
purging helium and refueling, 

b) the impurity-buildup limit, and 
c) whether or not the plasma ignites. 

7.2 CONSIDERATION OF POSSIBILITIES 

Figure 7.1 illustrates the basic injection system and identifies the 
various currents and efficiencies. 

The ion accelerator involves two efficiencies: m represents the 
fraction of the extracted beam that is the useful ion species; ri2 repre-
sents D+ or D beam losses to accelerating grids and neutralizer as well 
as further geometric losses downstream. 

The fraction of useful ion species is defined as D+/(D+ + D2+) for 
positive ions, D /(D + e ) for direct extraction of negative ions, or 
D production efficiency for an alkali-metal vapor charge-exchange of 
low-energy D+ to D coupled with post-acceleration. 
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O R N L - D W G 7 6 - 4 3 3 9 

Fig. 7.1 Model of neutral beam injector systems. 
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The neutralizer is either a D+ charge-exchange neutralizing cell or 
a D stripping cell. The associated efficiency, n3, represents the actu-
ally used fraction of an equilibrium cell of conversion efficiency Fp^-

The deflection magnet removes the remaining charged particles from 
the beam that leaves the neutralirer. It may either dump them or focus 
them into the ion energy recoverer. 

The drift tube transports the D° beam from the deflector to the EPR 
plasma. The associated efficiency, represents primarily ionization 
losses from collision with background gas in the drift tube. 

The optional ion energy recoverer is a direct conversion system with 
efficiency 05 for converting the ion beam to dc power, and efficiency ri6 
for dc-dc conversion and feedback into the ion accelerator. 

Associated electric or equivalent neutral beam currents are: 
I. — the electric current into the ion accelerator first grid. A 

- the neutral 200-keV D° current into the EPR plasma. 
I_ - the recoverable beam current. K 
IN - the net electric acceleration current supplied externally. 

These currents are given by: 
I 0 = I A ni n2 n3 F0co iii, 
l R = IN ni n2 (1 - n3 F 0 J n5 n6 

h = lA " 
The associated power is simply taken as P = I-V; the ion production power 
is assumed to be negligible compared to the acceleration power. 

The possible neutral beam injection schemes are: 
1) Positive ion acceleration, dumping of residual ion fraction 

after neutralization. 
2) Positive ion acceleration, energy recovery of residual ion 

fraction after neutralization. 
3) Negative ion acceleration (direct or indirect production), 

dumping of residual ion fr.ution afler neutralization. 
4) Negative ion acceleration (direct or indirect production), 

energy recovery of ion fraction after neutralization. 
The preferred scheme depends on expected KPR performance and progress in 
the beam program. The simpler schemes require less beam development, but 
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their higher net power requirement suggests their use for an igniting 
EPR with an energy storage system supplying their power. The more com-
plex schemes, requiring more beam development, require lower net power, 
suggesting their use for a beam-driven EPR. 

Designs representative of each of these cases are summarized in 
Table 7.1. 

7.3 RECOMMENDATION FOR REFERENCE DESIGN 

The recommended reference design system is a negative ion source, 
with no recovery of charged particle fraction energy (Case 3 in Table 7.1). 
This design, shown schematically in Fig. 7.2, couples the beam-handling 
experience gained from the 150-keV TF^R beams with the development of a 
suitable negative ion source to give an efficient overall system. The 
benefits gained from a direct ion energy recoverer do not yet warrant the 
added complexity of the recovery system; however, energy recovery could 
be added later, if justified. 

The recommended backup design system is a positive ion source, with 
no recovery of the energy in the charged particle fraction (Case 1 in 
Table 7.1). That design is a direct extension of the 150-keV TFTR beams 
and injectors to slightly higher voltage and to twice the current per 
injector. TFTR positive ion injector experience is directly applicable 
here. 

The more complex negative ion reference scheme requires the devel-
opment of suitable negative ion sources, but requires lower input elec-
trical power. This suggests its use for a steady-state, beam-driven EPR. 
The positive ion backup scheme is a direct extension of the TFTR injectors, 
requiring less development, but requiring more input electrical power. 
This suggests its use for an igniting EPR, with an energy storage system 
supplying this startup power. 

7.4 PRINCIPAL DEVELOPMENT REQUIREMENTS 

All parts of the reference design beam system except the negative 
ion source are taken directly from the ORNL beam system design for TFTR, 
and if necessary scaled up in performance. The beam transport efficiencies 



Table 7.1. Representative design values for four possible 
types of EPR neutral beam injectors 

Case 1 
Type D 

Io, A 500 
r|i useful extraction 0.95 
rj2 grid and geometric 0.90 
H3 neutralizer 0.90 
Hi* drift tube 0.97 

ion beam to DC 0 
q6 DC-DC 0 
Fg°° conversion efficiency of equilibrium cell 0.20 
IA, A 3333 
P A , MW 666 
Number of sources 36 
I^/source 93 
Beam lines 6 
Sources/line 6 
1R, A 0 

1^, A 3333 
P^, MW — net input power 666 
PQ, MW — equivalent neutral power 100 
Efficiency, P Q / P , , 0.15 

Case 2 Case 3 Case 4 
D+, recovery D D , recovery 

500 500 500 
0.95 0.95 0.95 
0.90 0.90 0.90 
0.90 0.90 0.90 
0.97 0.97 0.97 
0.85 0 0.85 
0.98 0 0.98 
0.20 0.67 0.67 

3333 1000 1000 
666 200 200 

36 12 12 
93 83 83 

6 6 6 

6 2 2 
1933 0 280 
1400 1000 720 
280 200 144 
100 100 100 

0.36 0.50 0.69 
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ORNL-DWG 7 5 - 1 7 0 4 0 

Fig. 7.2 EPR reference design neutral beam injector system. 
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(Hi, H2> arid shown for the designs in Table 7.1, including the ref-
erence design, indicate a considerable improvement over present state-of-
the-art injectors as represented by the ORMAK injectors. These effici-
encies should be taken as realistic goals for the beam program to achieve 
in time to be useful for the EPR. Experience is progressively being 
accumulated by the ORNL beam program from ORMAK, PLT, Dili, PDX, TTAP, 
and (eventually) TFTR. With this body of experience, it is extremely 
likely that improved beam transport efficiencies will in fact be achieved 
in the EPR. 
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8. TRLTIUM HANDLING SYSTEMS 
(VACUUM, TRITIUM PROCESSES, AND ATMOSPHERIC CONTROL) 

The essential functions of the EPR tritium handling systems are to: 
Evacuate, and maintain vacuum in, the plasma vessel and 
the neutral beam injectors. 
Provide for the processing of tritium and deuterium in 
the reactor fuel cycle and in the experimental breeding 
blanket modules. 
Furnish tritium containment and atmospheric cleanup. 

8.1 VACUUM SYSTEMS 

8.1.1 Definition and Requirements 

There are two interrelated vacuum systems: (1) the main vacuum sys-
tem thai evacuates the primary vacuum chamber and maintains appropriate 
vacuum conditions for the plasma (and divertor channels, if any), and 
(2) the injector vacuum system that maintains vacuum in the neutral beam 
injectors. The systems include pumps, ducts, valves, and seals. The 
plasma vessel and the injector chambers are not defined here as Dart of 
the vacuum systems but must be considered as integral parts of these 
systems in determining pumping speed, size, configuration, and mounting 
design. Exhaust from the vacuum systems is the principal source of 
tritium and deuterium that must be recovered and recycled by the tritium 
process systems (Sect. 8.2). 

Removal of gases from the plasma region (including D, T, H, He, and 
other contaminant species) requires high pumping rates at low pressure 
in order to meet plasma requirements. The vacuum pumps must not add to 
the gas extraneous impurities that would interfere witli ready recovery 
and recycle of the pumped gases; system designs must have favorable 
tritium containment features that afford minimum practicable release 
rates; and they must not entail excessively large tritium inventories. 

Design constraints and requirements for the vacuum systems can be 
summarized as follows: 
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1) Pumps must have appropriately large speeds and capacities 
and be available without major development breakthroughs. 

2) Designs must permit nearly complete tritium recovery in 
a reasonable manner. 

3) Designs must be capable of pumping helium. 
4) System must be capable of achieving low base pressures. 
5) Components must be capable of long-term operation in a 

radiation field. 
6) Designs must be relevant for application in future, 

large-scale reactors. 
7) Systems must be reliable and maintainable. 
8) Systems must be compatible with general requirements 

and physical configuration of the EPR. 
9) Systems should minimize capital plus operating cost. 

8.1.2 Consideration of Pump Selection and Arrangement 

The major selection process is among types of vacuum pumps. The 
first step was a qualitative comparison of various types of pumps for 
meeting the nine requirements listed above. A summary of this evalua-
tion is given in Table 8.1. This table indicates that two types of 
pumps cryosorption and mercury diffusion — merit further consideration 
for use in the vacuum systems. 

The major advantages of cryosorption pumps are their ability to 
meet the identified system requirements, simplicity of design and oper-
ation. flexibility of orientation, cleanliness, and large speeds in 
reasonable sizes. Disadvantages include the need for frequent regener-
ation, the requirements for liquid helium and nitrogen, and the large 
quantity of tritium that is stored in the form of a condensed gas, which 
may be considered vulnerable to accidental release as well as an economic 
penalty. Mercury diffusion pumps also meet the specified requirements, 
operate continuously, and do not accumulate a large tritium inventory; 
however, they require fore-pumps, have fixed orientation, and present 
the potential for contaminating vacuum chambers and the pumped gases 
with mercury vapors. 



T a M e 8 . 1 . S c r e e n i n g e v a l u a t i o n of t y p e s of vacuum pumps f o r EPR 
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Main vacuum system. For the main vacuum system, each type of pump 
would be used in a similar manner with several pumps attached to the ends 
of many large ducts that, in turn, are connected to the plasma vessel. 
The pumps would be located outside the shield, and the ducts penetrating 
the shield would be bent to allow shielding against neutron and gamma 
streaming. 

The pumping speed required for EPR can be derived from estimates of 
the plasma particle confinement time, the plasma density and volume, and 
the allowable pressure. Plasma analysis calculations indicated that 
approximately 1. 5 x 1022 ions/ sec would leave the plasma. However, the 
allowable pressure depends on whether a divertor, a gas blanket, or some 
other boundary concept is used. During the scoping studies, no final 
decision on the use of a divertor or gas blanket was made, and consequently 
it was decided to investigate a very high speed but still practicable main 
vacuum system. The system uses 40 ducts of 1 m diameter and 5 m length, 
two ducts per intercoil gap, with a cryosorption pump of 1 m diameter at 
the end of each duct. Such a system is estimated to have a speed of 
1.5 x 106 t/sec for a diatomic gas of mass five at 550 K. 

The pump length would be about 3 m if proportions were the same as 
for smaller existing pumps. Simple extrapolation from existing designs 
indicates that a pump of these dimensions, 1 m diameter by 3 m length, 
would have a storage capacity on the order of 300 t (STP). This storage 
represents over 20 hr running time between regenerations; minor changes 
in internal arrangement and some increase in overall size will probably 
suff ice to raise this to a 24—hr operating cycle. 

Mercury diffusion pumps with appropriate liquid-nitrogen cooled 
baffles perform nearly as well as cryosorption pumps having similar flange 
diameters. Since they are throughput — rather than absorption — type 
devices, there are no concerns over regeneration cycles or buildup of 
very large tritium inventories. However, they do require fore-pumps for 
efficient operation. 

Analyses were also performed for the main vacuum system to estimate 
the required pumping speed and system size necessary if a divertor were 
used. The vacuum requirement for a divertor was taken1 as 4.5 x lO-4 

torr, which led to a pumping speed requirement of 7.5 x 105 t/sec. It 
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was determined that 20 ducts of 1 m diameter and 5 m length, each coupled 
with a cryosorption pump of 1 m diameter, were required. Some signifi-
cant changes in pump design apart from scaleup will be required to achieve 
a 24-hr regeneration cycle. 

The analysis is sensitive to the vacuum requirements and ion con-
finement time. Drops in confinement time or allowable pressure much 
greater than a factor of two will make design of the system extremely 
difficult. 

Injector vacuum system. The vacuum pumps of the injector vacuum 
system would be attached to or form part of the chamber enclosing the 
gas cell and drift tube on each injector. If separate pumps are used, 
valves can be provided between the pumps and chamber to provide isolation 
during regeneration of cryosorption pumps, roughing-down of the injector, 
or maintenance of the pumps. 

For the neutral beam injector arrangement illustrated in Fig. 7.1, 
vacaum pumping must be provided to evacuate both the grid region between 
the ion source and the neutralizer and the regions downstream of the 
neutralizer. The ion sources are the largest source of gas to be pumped, 
and it will require great ingenuity to produce low enough pressures in the 
grid region to ensure acceptable ion and energy losses. Pressures on the 
order of 10-4 torr are desirable for the grid region and the regions just 
outside the neutralizer. The average drift tube pressure should be held 
as close to 10-5 torr as possible. 

Initial designs for the neutral beams indicate that the amount of 
gas to be pumped from negative ion injectors may be 50% higher than from 
positive ion types due to the very low efficiency of negative ion forma-
tion and extraction. However, this high gas flow may be in a region 
where slightly higher pressures are acceptable. 

Ion energy recovery will apparently not have a major impact on vacuum 
requirements. Thus, the choice of injector type will not have a critical 
impact on vacuum system design; however, any type chosen will probably 
face significant difficulty in achieving enough pumping speed to obtain 
the required pressures. 

A scoping calculation of the tritium infiltration from the plasma 
into the injector was performed assuming 12 injectors with drift tubes 



2001 

of 40 cm diameter and 3 m length and a D-T pressure of 10-'1 torr outside 
the plasma. The result indicated that the injector vacuum system would 
handle on the order of 4 x 105 Ci of tritium per day. 

The conclusions of these analyses are sensitive to changes in in-
jector efficiencies, gas cell and drift tube pressure requirements, 
injector geometry, and the pressure outside the plasma. A drop in the 
ionization or neutralization efficiencies by much more than a factor of 
two would make engineering of the injector vacuum system very difficult. 
Large increases in gas cell pressure or decreases in drift tube pressure 
would also be difficult to accommodate. Increased drift tube length or 
lower pressure outside the plasma would decrease the amount of tritium 
handled but probably not to the point where tritium recovery could be 
omitted. Shorter drift tubes or higher pressure outside the plasma 
would increase the amount of tritium handled, but it would take major 
increases (more than a factor of five) in tritium mass-flow rate up the 
drift tubes to require significant rethinking of the injector vacuum 
system designs. 

8.1.3 Recommendations for Reference Design 

The scoping studies led to the following recommendations for the 
EPR reference design at the beginning of the FY 1976 studies. 

Cryosorption pumps are recommended for both the main vacuum system 
and the injector vacuum system. However, if further design investiga-
tions indicate that cryosorption pumps may fail to achieve the necessary 
performance and reliability, mercury diffusion pumps with appropriate 
liquid-nitrogen cooled baffles appear to offer a viable alternative. 

Main vacuum system. It is recommended that 40 ports of approxi-
mately 1 m diameter be provided in the plasma vessel with cryosorption 
pumps located outside the main shield attached to ducts of 1 m diameter 
and 5 m length that penetrate the shield. The ducts are bent to permit 
shielding against neutron and gamma streaming. At present it is recom-
mended that each duct have a 1-m-diameter cryosorption pump, each 
pump contributing 36,000 Jl/sec for a total pumping speed of 1,500,000 
£/sec. This arrangement should provide sufficient capacity 



and flexibility for further design iterations; the number of pumps can 
be changed, and pump size can be made somewhat larger or smaller if 
found to be desirable. With the pumping speed available and assuming 
that 1.5 x 1022 ions/sec leave the plasma, the equilibrium density of 
neutral gas outside the plasma would be 1 x 1013 atoms/cm3. 

Each of the pumps would be regenerated approximately once every 24 
hr. The regeneration would be performed at low temperatures to min-
imize the time required. The desorbed helium and hydrogen isotopes would 
then be fed to the tritium processing systems. 

It is recommended that mechanical roughing pumps be provided at some 
of the 40 main vacuum system ports for initial evacuation of the system 
to pressure levels that are reasonable for operation of the cryosorption 
pumps. The selection and sizing of these pumps will be done during pre-
conceptual design and is not expected to present insuperable problems. 

Injector vacuum system. The scoping study calculations of injector 
pumping requirements (Sect. 8.1.2) were based on an injector concept that 
was a direct extrapolation of current positive ion injector design; the 
power requirements in this scheme were on the order of 1000 MW. For the 
reference design, a higher-efficiency negative ion scheme was proposed 
that would require only ^200 MW (Sect. 7). Recommendations for the 
injector vacuum system reference design wixl be completed when the ref-
erence injector design is in a more refined state and the operating 
characteristics have been developed in more detail. 

8.1.4 Principal Development Requirements 

Preconceptual design efforts must include the following: 
• Further definition of vacuum system requirements based on 

refined plasma physics estimates of burn cycle conditions 
and revised estimates of neutral beam injector character-
istics . 

• Investigations to develop physical arrangements and 
interfaces with blanket and shield design, plasma vessel, 
injectors, and tritium processing systems. 
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Definition of vacuum system concepts for a range of 
possible injector designs. 
Further investigation of EPR requirements for regenera-
tion cycle and storage capacities of cryosorption pumps. 
Development of a design concept for the roughing pump 
system. 

* Studies of reliability and remote maintenance procedures. 
The beam technology program is expected to produce information needed 

for EPR vacuum system design including estimates of efficiency, pressure 
requirements, and geometry of the injectors. 

Material investigations should consider all materials used in can-
didate pumps and the changes in properties and performance due to exposure 
in high gamma and neutron radiation fields. Possible changes in pump 
design or materials of construction should be investigated. As the first 
step in this effort, calculations should be made of the radiation levels 
at the pump based on a reasonable physical layout. 

Information requirements concerning long-term reliability, maintain-
ability, and performance of cryosorption pumps should be defined. Inves-
tigations of rapid regeneration at relatively low temperatures should be 
vigorously pursued. The commercial development of large, high-speed, 
high-storage-capacity cryosorption pumps should be encouraged. 

Additional information is required on the performance of large 
mercury diffusion pumps to evaluate them as a possible alternative to 
the cryosorption pumps. In particular, an assessment is needed of the 
potential effect of mercury contamination on plasma performance and on 
tritium recovery and recycle. 

8.2 TRITIUM PROCESS SYSTEMS 

8.2.1 Definitions and Requirements 

The tritium process systems provide for storage and processing of 
tritium and deuterium in the mainstream reactor fuel cycle. They include 
equipment for: 

Recovery and recycle of tritium and deuterium removed from 
the plasma regions by the vacuum systems. 



Purification (chemical and isotopic) of D-T mixtures for 
recycle to feed systems. 
Storage of tritium (and deuterium) recovered for recycle 
and received from off-site sources. 

• Preparation and supply of D-T fuel mixture to the plasma 
and of "tritium-free" deuterium to the neutral beam in-
jectors . 

• Recovery of tritium (and other hydrogen isotopes) from 
coolant, vent, and purge systems, and preparation for 
recycle or disposal. 

• Demonstration of recovery and recycle of tritium produced 
in blanket modules, possibly including confirmation of 
breeding calculations. 
Preparation of tritium-containing wastes for controlled 
disposal. 

The first step in scoping the tritium systems for an EPR is to esti-
mate the rates of consumption and throughput. The approximate rate of 
consumption can be calculated simply, the only assumption required being 
the total energy per fusion (including reactions in blanket and shield). 
Assuming an energy of 20 MeV per fusion, the consumption rate is 0.135 g 
T/MW-day. Since 1 g of tritium is equivalent to 9640 Ci, the consumption 
rate is approximately 1.30 x 103 Ci T/MW-day. The throughput rate de-
pends on the burn fraction that can be achieved, but is probably about 
one hundred times the tritium consumption rate. Thus, if the EPR oper-
ates at an average thermal power of 150 MW, the tritium consumption rate 
will be about 20 g/day (200,000 Ci/day), and the throughput will be 
roughly 2 kg/day (20 MCi/day). 

The high throughput rate of tritium makes recycling within the 
plant a practical necessity. In the design of equipment for the re-
cycling process, three important considerations are recovery fraction, 
inventory, and leakage. High-efficiency tritium recovery processes will 
be used, but absolute recovery would be impracticable. It is not possible 
at this time to predict accurately the highest recovery fraction that can 
be attained, but we can specify a reasonable reference or target value. 



,\ssuming that the burn rate is 1% of the throughput rate and that process 
* 

losses should be less than 10% of the burn rate, the recovery fraction 
must be at least 99.9%. Although the possibilities for even better re-
covery should be explored, this fraction is likely to be close to the 
practicable limit and is, therefore, an appropriate target in conceptual 
design studies. Logistics, economics, and safety considerations dictate 
that the inventory in the process system be as low as practicable. A 
reference value can be obtained as follows. Cryosorption pumps, if used, 
will have to be regenerated frequently, perhaps daily. In this case 
these pumps would contain about one day's throughput, 2 kg. Assuming 
that the inventory in the other process equipment amounts to about the 
same, the total process inventory would be about 4 kg. Leakage from the 
process equipment (and from the entire tokamak machine, for that matter) 
constitutes a load on the secondary containment system and therefore must 
be minimized. 

An important question is whether the projected consumption of tritium 
in the EPR will be able to be supplied from contemporary ERDA production 
channels or if the EPR must breed its own tritium supply. A reasonable 
expectation for the EPR (based on the typical length of operation of ex-
perimental fission reactors upon the completion of their mission) is about 
two equivalent full-power years of operation. A thermal power of 150 MW 
for two years would consume approximately 15 kg of tritium. On the basis 
of presently available information, it can be stated that, given ample 
advance notification and barring unforeseen higher—priority demands, 
this quantity of tritium can probably be supplied to the DCTR program f 
from normal ERDA production channels. Tritium breeding in EPR is, 
therefore, not expected to be essential for plant operation, and precon-
ceptuaL designs should not be constrained to provide breeding capability. 

Process losses must be predominantly in discard or waste material 
rather than caused by leakage to the secondary containment. 

^Under USAEC policy, charges to the DCTR program would be essentially 
shipping and handling costs; current ERDA policy is presumably the same. 
Since EPR operation is approximately ten years in the future, however, 
this policy could change, especially if there is a relocation of research 
and production functions in different agencies. 
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The foregoing does not mean that there is no incentive to produce 
small amounts of tritium experimentally in the EPR. This, in fact, is 
an important objective to be accomplished in one or more of the several 
replaceable blanket modules. One purpose of tritium production experi-
ments in the EPR is to obtain verification in a complete system experi-
ment of calculational procedures and fundamental neutronic data u.se<i to 
predict breeding in fusion reactors. Another purpose is to confront as 
many of the problems associated with tritium production as possible and 
to provide a demonstration of tritium confinement and removal techniques 
by small-scale operation of a system with future applicability. In se-
lecting the designs of the experimental blanket modules and the tritium 
recovery procedures, the goal will be to test or demonstrate the essen-
tial features of those blanket systems that are leading candidates for 
subsequent reactor application. 

Design constraints and requirements for the tritium process systems 
are summarized as follows: 

1) Processes and equipment must provide safe, effective 
containment of tritium. 

2) Tritium inventories must be acceptably low. 
3) Process losses including discards and wastes must be 

acceptably low. 
4) Purity (chemical and isotopic) and form of recovered 

tritium and deuterium must meet requirements for plasma 
fuel supply and injector feed. 

5) Processes and designs must be based on technology that 
is available or can reasonably be expected to be devel-
oped for use in EPR and should be applicable or scalable 
for future reactors. 

6) Capital plus operating cost should be minimized. 

8.2.2 Consideration of Possible Processes 

The principal process steps are purification (chemical), isotope 
separation, storage, preparation for disposal, fueling, and tritium re-
covery from the blanket system. The methods considered for the principal 
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process steps are listed in Table 8.2 along with preliminary assessments 
of their applicability LO the EPR. 

The most likely publication method involves uranium beds, perhaps 
with additional palladium membrane purification on the exit stream. Ura-
nium beds are frequent!;, used for tritium storage and purification and can 
be considered "currant r lichnology." Other hydrides will need to be con-
sidered since they hav^ Afferent affinities for hydrogen (isotopes) as 
well as oxygen and nitrnen. Palladium membranes alone can be used to 
purify hydrogen (isotopes)5 but they would require compressors to achieve a 
high recovery at reasonable rates. Compressors are likely to require more 
maintenance and perhaps present more opportunity for small tritium leaks 
(to secondary containment) than uranium beds. Compressors with Pd mem-
branes become relatively more attractive for larger systems where the 
size of hydride beds and their tritium inventories can become an impor-
tant consideration, but they are not expected to be selected for EPR. 

One or more isotope separation methods will be required ro prepare 
deuterium for the injectors and remove the traces of hydrogen produced 
by D-D reactions. The first system will be the larger, but the two 
operations could be carried out either in the same equipment or in sep-
arate equipment. Because the requirements are so different, separate 
equipment seems more likely; different separation methods are possible. 
It is too early to prepare specific designs for EPR since the purity 
requirements have not been determined, but designs should begin as soon 
as reasonable estimates of these requirements become available, because 
of the potentially high cost of isotope separation equipment. Sufficient 
data on separation methods appear to be available for our immediate needs. 

Storage of tritium as either a gas or a solid tritide (probably 
uranium tritide) is considered feasible and safe. There is considerable 
experience with both methods, and there appears to be little reason for 
choosing one over the other. However, since solid storage is usually 
considered to be less susceptible to accidental release, that method will 
probably be used for most large-scale storage needs of EPR. Small surge 
storage may be provided with the tritium in the form of a low-pressure gas. 
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No new method for disposal of t r i t ium wastas lias been considered 
for El'R since several forms of doubly or t r i p l y sealed containers appear 
to be adequate. 

l'lie blanket recovery system is one of the least understood items in 
the t r i t ium processing area. Considerable experimental work w i l l he re-
quired to define the most promising system and to obtain the necessary 
design data. Lithium is currently considered the most promising breeding 
mater ia l . A small side stream can be removed for processing; extract ion, 
permeation, and sorption processes for recovering t r i t ium from the l i thium 
are being considered. A major e f fo r t on this problem is needed during 
FY 1976. 

Requirements for plasma fueling and neutral beam injector feed sys-
tems are being developed as part of plasma analysis (Sect. 4) s.nd in jector 
design (Sect. 7). 1'he requirements are not yet s u f f i c i e n t l y wel l defined 
to allow conclusions concerning t r i t ium processing. Presently i t is 
assumed that gas feed systems w i l l involve l i t t l e in the way of special 
t r i t ium handling equipment; a so l id -pe l le t feed system could require com-
plex handling equipment. 

8.2. ' i Recommendations for Reference Design 

The scoping studies led to the following recommendations for the EPR 
ivterence design at the beginning of the FY 1976 studies. A schematic flow 
chart ot the reference t r i t ium processing system is shown in Fig. 8 .1 . 

The pur i f ica t ion method for removing helium and other chemical im-
pur i t ies t rom 13-"i" gases should be based on sorption and desorption of 
hvdrogen isotopes on beds of uranium powder; the Pd-membrane method is 
included to provide an addit ional .stage of pur i f ica t ion i f required. 

Isotope separation capabi l i ty is required at the El'R s i te to prepare 
"t r i t iurn-iree" deuterium for the injectors and to remove small amounts of 
nvurogrn (prot ium) iron recycled D-T mixtures. Cryogenic d i s t i l l a t i o n is 
the prei erred method for both tasks; hecau '-' of the large difference in 
requirements, separate equipment appears desirable. 

File primarv method for tritium storage should be based on use of a 

-.olid t i i t ide (probably uranium tritide); small surge volumes may be 

stored in the Iorm ot a low-pressure gas. 
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processing system. 



Packaging of t r i t i um for disposal should be done in doubly or t r i p i v 
sealed containers. Several ex ist ing forms appear to be adequate. Desir-
able features include provisions for l i q u i d wastes to be sorbed on solids 
vapor barr ier between containment bar r i e rs , and design l i f e of a few 
hundred years. 

Plasma fueling and injector feed requirements w i l l be defined throug 
addit ional analysis of plasma and in jector operation. Methods and equip-
ment wilL be selected and development needs w i l l be iden t i f i ed to meet 
these requirements. (ias feed systems would require less complex equipmen 
than a s o l i d - p e l l e t feed system. 

Recovery ot t r i t ium from blanket modules w i l l probably be done by 
processing a small side stream of l i qu id l i th ium removed from the blanket 
Development is required to select the removal method; ext ract ion, permea-
t ion , and sorption methods are being evaluated. 

8.2.H Pr incipal Development Requirements 

Preconceptual design must include the following steps: 

Develop flowsheet and layout of an integrated system; make 
preliminary estimates of flow rates and composition of 
process streams; select and size major equipment. 
Establish needs of isotope separation system; estimate 
size and cost of equipment. 

Investigate a l ternate recovery systems for removing 
t r i t ium from l i thium blankets. 

Define requirements for plasma fueling and neutral 
in jector feed systems including permissible levels of 
He, H, and higher Z impuri t ies, acceptable range of D/T 
ra t ios , form and composition of fue l , method of de l ivery , 
and rate of consumption. This task requires extensive 
input from plasma studies. 

• Assess the impact on t r i t i um process systems i f mercury 
ditt'usion pumps are selected for the vacuum systems. 

A general development e f f o r t w i l l be required to provide the tech-
nological basis tor designing the EPR t r i t ium process systems. Each of 
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the principal process steps requires development or demonstration for EPR 
conditions; in most cases, tests on at least laboratory scale are needed 
to establish performance figures and a credible basis for system design 
and cost estimates. Processes requiring further development include pur-
ification with uranium beds, isotopic enhancement by cryogenic distilla-
tion, uranium tritide storage procedures, waste-disposal packaging, fuel 
conditioning and supply methods, and blanket lithium processing. Consid-
eration should be given to the possible need for pilot plant experience. 
Work now under way in tritium technology can serve as a basis for an ex-
panded effort. This effort should be defined and initiated soon, because 
the high throughput of tritium makes recycling within the plant a prac-
tical necessity, and therefore reliable operation of the tritium process 
systems is essential for achieving EPR objectives. 

The two most critical development requirements are for investigations 
of fueling schemes and blanket processing methods. In each of these areas, 
requirements are not well-defined and candidate methods are least advanced. 
Investigations of both plasma fueling and neutral beam injector feed sys-
tems are needed to define form and composition of feed supply, method of 
delivery, rate and schedule of consumption, permissible levels of He, H-, 
(Ref. 1) and higher Z impurities, and acceptable range of D/T ratios. 
Studies of solid D/T plasma fueling methods should be initiated jointly 
with plasma engineering studies. Investigations of methods of removing 
tritium from blanket lithium are needed for selecting a reference design 
method, development of an overall system design, and estimate of costs. 
An £u;i-ptable recovery method lias not been demonstrated on any scale. 
Ill • ' '.•/ I i ii i nm technology eflort should be expanded to permit more 
• <|i|< i ll i ' ,,ji l -!i' mcLliuds for recovery of tritium from the EPR 
M ml el . 

H.i 'Hill inn mill,»INMl'.;M A I I I » A T M U S I - I I I lu<; rmiiuiji. svs| I ;MI; 

B. 3. 1 Definition and Kequ 11 umt'li I s 

The fuili t ion nf the tritium containment and atmospheric control 
systems is to minimize the leakage of tritium and its consequences. 
These systems consist of enclosures around tritiun-bearing components 
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and piping, cleanup equipment for removing t r i t ium from enclosure atmos-
pheres and the reactor building atmosphere, and equipment for col lect ing 
and packaging low-level t r i t i a t e d l iqu id wastes from the cleanup systems. 
The reactor building and i t s ven t i l a t ion system help control t r i t ium re-
lease to the environment and for this reason are included in the discus-
sion of the t r i t ium containment and atmospheric control systems. 

Tr i t ium in the reactor atmosphere must be held to the lowest prac-
t icable levels to minimize exposure of operating and maintenance personne 
to f a c i l i t a t e maintenance by not requiring use of protect ive clothing or 
breathing apparatus, and to l im i t release of t r i t ium to the environment 
under normal and accident conditions. Equipment and procedures for doing 
this should be of a type suitable for large fusion power reactors and 
should provide relevant experience and data for design of future plants. 

The systems should be designed to meet the following performance 
requirements: 

1) Minimize leakage from tr i t ium-bear ing components to the 
reactor bui lding. 

2) Limit t r i t ium concentration in reactor bui lding atmos-
phere to l / 10 th maximum permissible concentration for 
a rest r ic ted area during maintenance ( i . e . , to 5 x 10 - 7 

UCi/cc). 

3) Limit dose at s i te boundary from normal t r i t ium release 
to 5 mrem/year. 

4) Limit 2-hr s i t e boundary dose in the design basis 
accident to less than 1 rem. 

8 .3 .2 Consideration of Poss ib i l i t i es 

To meet the above requirements i t is necessary to do the following: 

1) prevent leakage from t r i t ium systems from reaching the reactor bu i ld -

ing atmosphere, 2) remove t r i t ium from the building atmosphere, and 3) 

control t r i t ium leakage from the building to the environment. 

The f i r s t goal requires leakproof systems maintained at temperatures 

below those where s ign i f icant d i f fusion of t r i t ium occurs or double con-

tainment of systems that do not meet these requirements. The exact natu»-
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of double enclosures of the t r i t ium-containing system w i l l depena on 
detai led system designs, access requirements, and physical arrangements-
I t may be necessary to maintain inert atmospheres in some enclosures 
depending on the quant i t ies of hydrogen isotopes or pyrophoric materials 
contained by the enclosed system. A l l enclosure atmospheres w i l l probably 
be maintained at a s l ight vacuum and be processed continuously through 
cleanup systems to remove t r i t ium. 

The reactor bui lding volume w i l l be approximately 4 mi l l ion cubic 
feet . Judging from buildings of a s imi lar type, such as TFTR or BWR 
secondary containment, i t should be possible to maintain a negative 
pressure of 0.25 in . water with an in leakage rate of less than one-half 
bui lding volume, 2 mi l l ion cubic fee t , per day. An amount s imi lar to the 
inleakage would be exhausted from an elevated release point at a height 
of approximately 100 m. This exhaust stream would be taken from the out-
l e t side of the reactor building atmospheric cleanup system. 

The reactor bui lding atmospheric cleanup system w i l l contain heaters 
and cata lysts , or perhaps CuO beds, to oxidize t r i t i u m to t r i t i a t e d water. 
The t r i t i a t e d water w i l l then be collected on dryer beds probably con-
s is t ing of ref r igerated molecular sieves. These beds are usually operated 
at about 100 psi . The system flow rate w i l l probably be on the order of 
one-quarter to one-half a reactor bui lding volume per hour for rapid 
t r i t ium removal. A decontamination factor of 102 is considered both 
achievable and desirable. 

T r i t i a t e d l iquids result ing from the regeneration of dryer beds of 
cleanup systems w i l l be pumped to a small f a c i l i t y for drumming, so l id -
i f i c a t i o n , and o f f - s i t e shipment. 

Analyses were performed to estimate the allowable t r i t i um leak rate 
to the reactor bui ld ing, the required flow rate and decontamination facLor 
for the reactor bui lding atmospheric cleanup system, and the stack height. 
The allowable leak rate to the bui lding, L, with a given cleanup system 
flow ra te , W, to maintain a maximum concentration of 5 x 10 - 7 Ci /m3 , is 

given by: 

L Ci W — x 5 x 10 -7 Ci 
m3 sec sec 



I f W is approximately one-quarter bui lding volume per hour (17,000 cfm 
or 7.9 m 3 /sec) , L = 4 x 10 - 6 Ci/sec = 0.3455 Ci/day. Thus, even with a 
substantial increase in cleanup system flow or relaxat ion of the concen-
t ra t ion c r i t e r i a , the need for double containment would probably remain 
because of the large t r i t ium inventory (perhaps 107 to 10s C i ) . 

Assuming that a design basis accident releases on the order of 
5 x 107 Ci of t r i t ium, a calculat ion was made to determine system require-
ments to reduce the dose at the s i t e boundary to an acceptable value. The 
calculat ion indicated that i f the bui lding were exhausted at a rate of 
one-half volume per day (1388 cfm or 0.66 m3/sec) from a 100-m stack 
a f te r the a i r had passed through a cleanup system with a decontamination 
factor of 102 for t r i t ium, the dose at a 200-m distant s i te boundary 
would be less than 1.0 rem for the f i r s t two hours during fumigation 
conditions. Thus, a system including an elevated release point with 
these character ist ics would be acceptable. 

8 . 3 . 3 Recommendations for Reference Design 

A l l major t r i t i um handling equipment w i l l be located within the 
reactor bui lding. A l l operations containing environmentally s igni f icant 
quanti t ies of t r i t i um w i l l be doubly contained. The atmosphere between 
containment barr iers w i l l be maintained at a s l ight negative pressure and 
processed continuously through cleanup systems. The reactor bui lding w i l l 
be a low-leakage enclosure with a cleanup system for continuous removal 
of t r i t i u m from the building atmosphere. Air leaving the cleanup system 
w i l l be released from a stack at a rate such that the bui lding w i l l be 
maintained at a s l igh t ly negative pressure. Provision w i l l be made to 
maintain an inert gas atmosphere in the bui lding, i f this is shown by 
further design considerations to be desirable. 

Techniques to achieve double containment include use of glove-box 
enclosures over components such as pumps, which may require periodic 
maintenance and double-wali pipe. The atmospheres of enclosures and 
the annulL in double-wall pipes w i l l be maintained at a s l ight vacuum 
with respect to the reactor building and must be processed through a t -
mospheric cleanup systems to remove t r i t i u m and thus reduce escape to 
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the reactor building. The atmospheric cleanup systems will consist of 
heaters, recombiners using palladium or copper oxide, chillers., and re-
generable molecular sieve dryer beds. 

Many of the enclosures and pipe annuli w i l l have ine r t atmospheres 

to e l iminate p o t e n t i a l f i r e hazards stemming from the presence of hydro-

gen isotopes and pyrophoric metals. Control led a i r inleakage, oxygen or 

a i r feed i f the reactor bu i ld ing i t s e l f is f i l l e d wi th ine r t gas, w i l l be 

provided where required to allow proper operation of the cleanup systems. 

Hydrogen or steam may also be fed to the recombiner i n l e t to provide 

isotopic d i l u t i o n of the t r i t i u m . 

The reactor building will contain all of the major tritium handling 
components. Provision will be made for the building to be filled with 
inert gas, if required, to eliminate fire hazards, particularly those 
associated with liquid metals in the blanket modules. In any case a 
system will be provided for controlling the building pressure and remov-
ing tritium from the building atmosphere. It is expected that the reactor 
building will be maintained at a slight vacuum (0.25 in. H20), which will 
prevent exfiltration except during high-speed wind conditions when dis-
persion tends to be excellent. The building will be designed for inleak-
age of no more than one-half building volume per day under normal wind 
conditions. This is similar to existing BWR secondary containment build-
ings that have inleakage rates of one building volume per day under 
similar conditions. An amount equal to the inleakage will be exhausted 
from the outlet of the atmospheric cleanup system through a stack that 
will be approximately 2.5 times the height of the reactor building. The 
reactor building volume is expected to be approximately 4 million cubic 
feet. A recirculating building-atmospheric cleanup system with a flow 
rate of 16,700 scfm and a decontamination factor of 102 for tritium was 
determined to be adequate for this volume. If the stack height is 100 m 
and the site boundary distance is 200 m, the whole body dose at the site 
boundary during two hours of exposure under unfavorable meteorological 
conditions, following a release of 5 x 107 Ci of tritium to the reactor 
building, would be approximately 0.62 rem, which is appreciably lower 
than the reference limit of 25 rem set forth in 10 CFR 100 (Ref. 2). 
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I f normal activated a i r releases from a stack, would be unacceptable, 
the bui ld ing w i l l probably be s imi lar to a PVJR containment bui ld ing. Such 
a structure w i l l be designed to leak at a rate of 0.01 bui lding volume 
per day under design basis accident conditions. Because any leakage from 
such a bui ld ing w i l l be at ground leve l and disperse more gradually than 
an elevated release and w i l l contain t r i t i um at the ambient building con-
centrat ion, a larger atmospheric cleanup system w i l l be needed. A system 
with a flow rate of 67,000 scfm and a decontamination factor of 102 would 
result in a two-hour s i t e boundary dose of 4.9 rem, assuming a 5 x 107 Ci 
release into the building and a 200-m s i te boundary radius. Again, this 
is wi th in the exclusion area boundary guidelines of 10 CFR 100. 

In e i ther case the basic design of the reactor bui lding atmospheric 
cleanup system w i l l be s imi lar to that of the equipment enclosure atmos-
pheric cleanup systems, approximately scaled. 

8.3.4 Pr inc ipa l Development Requirements 

Preconceptual design e f fo r ts should include the fol lowing: 

• Develop improved de f in i t ion of design requirements for 
t r i t i u m containment and atmospheric control systems based 
on preliminary layout and addit ional design data for the 
vacuum and t r i t i um process systems. 

• Develop preliminary layout and estimates of size and gas 
flow requirements for secondary containment enclosures 
and for bui lding containment features. 

• Investigate t r i t i u m cleanup methods for equipment enclosures 
and building atmosphere; make preliminary select ion of 
processes; and estimate size and performance for both 
normal a i r and inert gas atmospheres. 

• Evaluate need for iner t gas atmosphere in equipment 
enclosures and in the bui lding and estimate i t s impact 
on operations and design of other systems. 

Define requirements for t r i t i u m containment in the blanket 
and blanket cooling system. 
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Investigate possible paths for tritium escape under normal 
and accident conditions, with a view to refining require-
ments for tritium containment and atmospheric control 
systems. 

• Define requirements and select methods for collecting and 
packaging low-level tritiated liquid wastes from equipment 
enclosures and building atmospheric cleanup systems. 

Development is needed in three areas of tritium containment 
technology: 

Tritium diffusion through metals. Tritium exhibits high 
permeation rates through most metals at elevated temper-
atures and therefore can diffuse through containment walls. 
More information is needed on the permeation characteristics 
of EPR materials, including the effect of temperature, 
pressure, and chemical form. Coatings and other methods 
of reducing diffusion rates, particularly at high temper-
atures, should be investigated. 
Methods for removing tritium from containment atmospheres. 
The performance characteristics of catalysts, CuO beds, 
refrigerated molecular sieves, and other proposed methods 
should be investigated. Investigation should include ex-
perimental measurements of decontamination factors and 
capacities for removing tritium from .iir or inert gas at 
concentrations, temperatures, pressures, and loadings 
relevant co EPR normal and accident conditions. The 
possible poisoning of catalysts by impurities or penetration 
of the cleanup system by certain chemical forms of tritium 
should be investigated. 

• Tritium behavior in the environment. At present there are 
no generally accepted standards for defining limits on 
tritium release from fusion reactors. Additional research 
is needed to define more precisely the physical, chemical, 
and biological behavior of tritium in the environment to 
provide a basis for establishing such standards. 
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9. INTEGRATION OF SUBSYSTEMS 

9.1 DEFINITION AND REQUIREMENTS 

There are six primary plasma-related systems that interact strongly 
and compete for valuable space in regions adjacent to the plasma. All 
of these operate in an environment of high-energy, high-flux neutrons, 
gamma radiation, and relatively high temperature. It is necessary to 
integrate these systems carefully, exercising tradeoffs between the de-
mands of each. The six systems are: 

1) the plasma, 
2) the first wall (which can take one of several forms), 
3) the blanket, 
4) the shield, 
5) the poloidal field windings, and 
6) the toroidal field coils. 
In addition there are other secondary systems that are closely coupled 

to the primary plasma-related systems both functionally and physically. 
Some of the more important of these systems are: 

1) the neutral beam injectors, 
2) the primary vacuum pumping system, 
3) the fueling system, 
4) the diagnostic system, 
5) the tritium handling systems, 
6) the coolant manifold, and 
7) the electrical feeders. 

These systems also compete for space in the blanket and shield regions 
and impose constraints in design on these components xn particular. The 
blanket and shield penetrations required for access to the plasma give 
rise to streaming of neutrons and radiation from the plasma. Each pen-
etration must therefore be provided with its own complement of shadow 
shielding to protect equipment, especially the TF coils, from contamina-
tion. 

In addition to the necessity for carefully integrated design in order 
to position these secondary systems, access must be provided for remote 
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maintenance jigs and fixtures, such as equipment for viewing, cutting, 
mechanical fastening and welding, and inspection. 

The principal primary and secondary systems also require external 
systems that must communicate with one or more of these internal systems. 
External systems include: (1) power supplies and controls, (2) cryogenic 
refrigeration plant, (3) secondary vacuum system, (4) blanket coolant 
pumping and heat removal system, (5) shield coolant pumping and heat 
removal system, and (7) data handling and processing systems. There are 
several different electrical power supplies, some of large power capacity. 
Power must be provided for the driving windings with specific profiles in 
time. A supply or supplies must be provided for the TF coils, for the 
various injectors, and for diagnostic instruments. Miscellaneous power 
will be needed for manipulators, etc. The routing of communication lines 
from external systems to the internal systems they serve is a complex 
design problem. 

9.2 CONSIDERATION OF POSSIBILITIES 

An elevation view of the EPR reference design showing the primary 
systems is in Fig. 9.1. The distance between the plasma and the TF coils 
totals 1.55 m and is used by the blanket and shield with annular distance 
for cooling manifolds, insulation, driving windings, and interconnections. 
None of the secondary systems is shown in the figure, since the arrange-
ment of these and their penetrations requires further study. 

As the scoping study advances toward the development of a conceptual 
design, certain sensitive areas become evident where optimal integration 
of the various subsystems can be achieved by careful balancing of trade-
offs. Some of these areas are discussed in the following paragraphs. 

A smaller number of TF coils may be desirable. The manufacturing 
costs are obviously less for fewer units. Assembly of fewer units into 
a torus would be cheaper and would leave wider access space between coils. 
Fewer coils could result in fewer blanket and shield segments, with fewer 
joints in segments and driving windings. A reduction in the number of 
segments would provide larger areas to accommodate penetrations. It is 
obvious that the effects of reducing the number of TF coils could result 



1 7T 

ORNL-DWG-75-9085 

SOLENOID 
WINDING 

• OHMIC HEATING COILS 
0 VERTICAL F I E L D COILS 
2 PLASMA SHAPING C0l i_S 

'1 
AUXILIARY SYSTEMS 

NEUTRAL BEAM INJECTORS ! 
PRIMARY VACUUM PUMPING J 
FUELING ; 

D IAGNOSTICS ' 
COOLANT M A N I F O L D S I 
E L E C T R I C A L FEEDERS 

T R I T I U M HANDLING ! 

EXTERNAL SYSTEMS 

Fig. 9.1 Scoping concept of an EPR showing primary plasma related 
systems. 



2023 

in significant improvement in cost, maintenance time, and general 
dependability of the machine. 

An adverse effect of having fewer TF coils of a given size is an 
increase in field ripple. The smallest, number of TF coils that yields 
a tolerable ripple should be used. 

To position the plasma driving windings outside the TF coils would 
simplify the design of the driving windings with their electrical con-
nections. The spacing between blanket and shield and between shield and 
TF coils might be reduced to give smaller TF coil diameter. The windings 
would be more accessible, at least on the outer chamber of the torus 
where openings must be made to remove blanket segments. The disadvan-
tages of locating these windings outside the TF coils are: 

1) the TF coils would not be protected from pulsed fields, 
and 

2) since the coils would be farther from the plasma, the 
required currents would be higher. 

The problem of providing cooling for the driving windings complicates 
their design and introduces associated problems of handling the coolant 
lines. The windings must be constructed of segments, at present neces-
sitating an electrical and mechanical joint between segments. If sodium 
could be used as the conductor for these windings, some of the above 
problems would be simplified. An all-welded stainless steel plumbing 
system could be installed, and sodium could be slowly circulated through 
this piping system. There would be no electrical joints, the flowing 
sodium providing a continuous conductor. The coils would have no cool-
ing system; an external heat exchanger would be used to cool the sodium. 
After the sodium had been drained, the piping could be cut with rela-
tive ease and rewelded by remote means. Experience with sodium as a 
power conductor has shown that fault currents in sodium are much fewer 
than in copper under the same conditions. The cost of sodium is less 
than that of aluminum by a fairly large factor. 

A disadvantage of sodium in this application i& that it has a lower 
electrical conductivity than copper, and hence a larger cross section 
would probably be needed. It would not be significantly larger even 
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after making provision for the resistance of joints in copper and the 
necessary loss of area for internal cooling. The chemical activity of 
sodium presents a handling problem; moreover, the gamma radiation from 
activated sodium is rather high. 

One optional arrangement, illustrated in Fig. 9.1, is to enclose 
the entire machine (including the TF coils) in a secondary vacuum enclo-
sure. For a machine as large as the EPR, a totally enclosing secondary 
vacuum would bp expensive. However, the extra cost of the enclosure 
may be justified by its simplification of various problems. A low pres-
sure must be maintained ii; the dewars around the TF coils and the supports 
and braces for these coils. The inaccessible location of the welds 
necessary to provide a vacuum in these dewars makes maintenance of low 
pressure very difficult indeed. In a secondary vacuum enclosure, how-
ever, the TF coil dewars need not be made vacuum-tight. A vacuum enclosure 
around the entire machine would remove thermal losses due to convection by 
circulating air, leaving only radiative and conductive losses. It would 
also remove radioactive argon from the regions around the machine and 
reduce the fire hazard in the event of a leak of lithium or other alkaline 
metal associated with the machine. The disadvantage of using a secondary 
vacuum enclosure is that it imposes operational and maintenance diffi-
culties. Further study is required before this arrangement can be con-
sidered acceptable for an EPR. 

9.3 METHOD OF ASSEMBLY AND RECOVERY FROM A FAULT 

After only a short time of successful operation all of the primary 
subsystems except the TF coils become radioactive, and maintenance must 
be done by remote means. The overall design must recognize that almost 
every operation — viewing, clamping, welding, cutting, inspection, as 
well as transporting and positioning — must be accomplished remotely. 

The first protective wall will probably require periodic replace-
ment. The inner wall of the blanket may also need replacement during 
the life of the reactor. 

Protective devices will be installed to minimize the effect of 
possible faults. For example, each blanket module will have a rupture 



disc to relieve pressure in case of the rupture of a high-pressure cool-
ant line inside the segment. The secondary vacuum chamber will also have 
a rupture disc to accommodate the pressure resulting from failure of the 
high-pressure helium piping inside this chamber. The dump of stored power 
in the TF coils will be handled either by adequate copper in the coil to 
absorb the energy or by an external "switched in" power dump. 

The design and mounting of the TF coils have not been worked out. 
Magnet centering and out-of-plane loads have been computed as well as 
loads resulting from faults. The bracing for the TF coils (not yet 
designed) will be constructed to handle tl.ese loads. Replacement of a 
TF coil would be a major maintenance operation requiring an extended 
downtime. The design should attempt to minimize the need for TF coil 
replacement, while simultaneously recognizing that such replacements 
might be necessary. 

9.4 RECOMMENDATIONS FOR REFERENCE DESIGN 

From the scoping study certain recommendations emerged for the 
reference design at the beginning of the FY 1976 design studies. The 
recommended number of TF coils is 20. These coils are to have a center 
bucking-ring and intercoil box beam bracing designed to counter all 
magnetic forces. The entire coil complex with bracing is to be enclosed 
in a common dewar and will operate at about 4.5 K. No secondary vacuum 
enclosure will be provided. One set of normal poloidal coils will be 
located inside the shield to protect the TF coils from the plasma pulsed 
field and to provide the principal vertical field. Plasma heating is to 
be provided by a superconducting central air-core solenoid. Two types 
of superconducting coils will be located outside the TF coils: 

(1) aircore windings for guiding the solenoid return flux, and 
(2) VF trim windings for adjusting the vertical field. 

For the reference design, oval TF coils will be used, but the shield, 
blanket, and plasma will be circular in cross section. 
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10. IMPLEMENTATION 

10.1 REMOTE MAINTENANCE 

The high flux of 14.1-MeV neutrons resulting from the fusion of 
triLium and deuterium induces very high levels of radioactivity in all 
parts of a tokamak within rhe region bounded by the shield. After a 
relatively short period of operation, these inner parts of the reactor 
become highly radioactive and all maintenance operations must be consid-
ered to require remote techniques. The reactor must be designed with the 
necessity for remote maintenance in mind. 

While remote maintenance nperations impose problems, considerable 
experience has been derived from the operation of fission reactors that 
should be- very valuable in guiding the design of a tokamak in such a way 
that the maintenui.ee problems can be satisfactorily resolved. Routine 
operations that involve refueling of fission reactors are performed with-
out undue difficulty. Experimental reactors have undergone extensive 
repairs without incident, utilizing remotely operated mechanisms. Com-
plete fission reactor sites have been decommissioned using equipment 
operated by totally remote means.1-5 It is therefore anticipated th;.'. 
remote maintenance of a fusion reactor device can be successfully 
accomplished. 

The basic philosophy in handling the assembly and maintenance of an 
EPR is that each component of the machine be replaceable y totally remote 
means. All maintenance, because of the size of the components and the 
radioactivity involved, will be difficult and potentially time-consuming. 
It is expected that some repairs or replacements will be needed period-
ically. For these anticipated operations, the design will be directed 
as far as possible to facilitate maintenance- An effort will be made to 
standardize the types of operations to be performed. 

The basic design principle is to construct the entire tokamak of 
modules. The TF coils will be identical to each other in size, shape, 
cryostat, mounting, bracing, electrical connections, and coolant piping. 
One set of handling equipment will be designed to handle any coil. At 
present it is planned to weld the dewars of the TF coils, but further 
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consideration should be given to the use of a secondarv vacuum tnclosuri-
encompassing the to ta l system. The crowded conditions and d i f f i c u l t 
geometry contribute to the d i f f i c u l t y of remote- cutt ing and welding of 
TF dewars. 

An arb i t ra ry decision was made to construct the modules of the machinc-
(blanket, shield co i l segments, etc..) as mult iples cf the TF co i ls . This 
results in a large number of r e l a t i ve ly small modules but apparently 
enables assembly of the machine to be made a l i t t l e less d i f f i c u l t . 

Fewer numbers of larger subassemblies, at least in th is f i r s t 
assessment, seemed to pose more d i f f i c u l t i e s . For example, the trans-
portat ion and exact positioning of very large units would require ex-
tremely large l i f t i n g and f i x tu r ing devices that seem to be beyond present-
day remote maintenance experience. 

Unt i l a specif ic design is established, i t is not possible to make 
de f in i t e recommendations for maintenance methods. I t i s , however, pos-
s ib le to define the types of operations necessary and to ident i fy and 
avoid design concepts that make these operations more d i f f i c u l t . For 
example, a remotely operated special f ix ture must be used to clamp the 
blanket segments together. A simi lar machine must he employed to make 
the seal weld between segments. To allow clearance for these machines, 
the plasma dr iv ing windings must be located with care. 

Machines, special too ls , f i x tu res , and manipulators w i l l be needed. 
This maintenance equipment must be special ly designed to perform the 
following types of operations: transporting and posit ioning large masses, 
mechanically f ix ing and interconnecting subassemblies, cutt ing and weld-
ing thin and heavy sections, cutting and welding pipes of various diam-
e ters , inspecting and test ing the in tegr i ty of a performed operation, 
making and breaking a l l types of e l e c t r i c a l conductors and cooling l ines. 

Some highly special ized operations w i l l also be necessary, which 
cannot be designated u n t i l a conceptual design is evolved. 

While much of the maintenance could be performe.. <.y machines and 
f ix tures operated remotely from a wel l -shielded control room, i t is 
l i k e l y that a shielded mobile personnel carr ier w i l l have to be designed 
to permit maintenance personnel to approach the machine at d i f fe ren t 
points. This personnel car r ie r must be capable of v e r t i c a l as wel l as 
t rans la t iona l and ro ta t iona l movement. 



179 

Provision must tit- made ior cut t ing up and compacting replaced pieces 

of radioact ive components. I t may be necessary to transport these to a 

sate storage area. Adequate shie ld ing w i l l be required in the event of 

such shipment. 

In addi t ion to performing remote assembly and maintenance funct ions, 

there are routine operations that also w i l l be performed remotely. One 

such routine function is the operation of the chemical processing plant 

used to extract t r i t i u m from the plasma and in jec to r exhaust, the blanket 

l i th ium, and the helium coolant. 

10.2 SAFETY INVESTIGATIONS 

Preliminary safety investigations have been conducted to provide a 
basis for longer-range safety planning. The results of these preliminary 
studies provide assurance that an experimental fusion power reactor could 
be operated without significant hazards to the public or to plant person-
nel during all phases and modes of operation, including upset and faulted 
conditions. Continuing safety and reliability investigations will lead 
to detailed plant and system evaluations and will be used to apprise all 
managerial levels of those public and environmental issues requiring con-
straints on design, construction, or operation. 

In contrast to a fission reactor, where a critical mass must be 
preloaded, a fusion reactor has no critical mass requirements. Ignition 
and sustained fusion are processes requiring tnat a plasma be continuously 
replenished and accurately positioned and bounded by extremely large mag-
netic fields. Foreign particle intrusion that could occur as a result of 
plasma shifts or expansion would upset this delicate balance and result 
in rapid plasma quench. Preliminary results show that structural or 
mechanical failures, equipment failures, and other potential abnormal 
operating conditions do not enhance fusion conditions; scenarios of 
possible failure within the plant tend to lead to "self-termination" of 
the fusion process. 

A D-T fueled fusion reactor appears to be inherently safe in the 
sense that it is not capable of an uncontrolled energy release. However, 
It does present a distinct set of hazards to be considered by the systems 
designer. Potential hazards that have been considered in the scoping 
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studies include: 

(1) tritium leakage, 
(2) radiation and irradiated materials, 
(3) high magnetic fields, and 
(4) high-energy storage systems. 

In addition, safety and the overall reliability aspects of major systems, 
subsystems, and support (auxiliary) systems were investigated in terras of 
anticipated or likely failure modes and possible adverse interactiins 
that could result in undesired consequences. 

10.2.1 Tritium Leakage 

Tritium is a principal constituent of the reactor fuel. It will 
also be generated in a small number of experimental blanket segments. 
Because of the radiological hazard associated with tritium, considerable 
attention is being focused on the design details of containment, detec-
tion, and atmospheric cleanup systems. The ability of tritium to permeate 
high-temperature metal walls and the abundance of potential locations 
for this to occur make it imperative to provide maximum containment 
measures backed up by reliable atmospheric cleanup systems. The scoping 
studies have concentrated on developing criteria that outline the prin-
cipal features of tritium handling and auxiliaries necessary to achieve 
operational performance as may be dictated by federal regulations. Al-
though additional detailed design information is required before final 
design criteria can be established, the capability for containment and 
control of tritium in t.ie EPR appears to be well within the scope of 
standard industrial practices. 

10.2.2 Radiation and Irradiated Materials 

The production of high-energy neutrons for power conversion and 
breeding purposes is a potential hazard to both equipment and operating 
personnel. Equipment may overheat and suffer radiation damage; personnel 
may be overexposed to ionizing radiation. 

All structures and ftquipment will incur high-energy neutron bombard-
ment. The superconducting magnets are particularly sensitive and are 
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expected to show noticeable signs of damage at integrated doses of 10lj 

to 1016 nvt (neutrons per cm2). Special radiation shields will be de-
signed to protect reactor equipment during periods of operation. The 
sources of neutrons will not be present when the reactor is shut down. 
However, the exposure of structural material and reactc. equipment to 
high-energy flux will result in the formation of activation products 
that can result in overheating of equipment and exposure of personnel 
during periods of reactor shutdown. 

The construction of a concrete biological shield will provide ade-
quate radiation attenuation to protect personnel during periods of reactor 
operation. Access within the biological shield must be restricted during 
operation. Special control procedures must be developed for entry during 
operation and shutdown because of gamma radiation from reactor equipment 
and from sodium-24 formed in the concrete shield. Early in EPR life, 
hands-on maintenance may be possible for short periods, but later opera-
tions will probably be limited to remote maintenance techniques as back-
ground radiation levels increase. Long-term safety and disposal problems 
associated with activated structural materials and reactor hardware are 
not new to the reactor industry. The handling and disposal of such ma-
tarials, in addition to other environmental considerations, will be 
addressed ir. the EPR Environmental Impact Report. 

10.2.3 High Magnetic Fields 

High magnetic fields present potential hazards to personnel and 
operating equipment. Although equipment can be effectively shielded 
from these effects, insufficient data are available to determine the 
risks to personnel. Proper selection of a site and its boundaries will 
eliminate any exposure to the general public. At present there are no 
federal standards governing personnel exposure to magnetic fields. 

Some evidence in the U.S.S.R. indicates possible adverse effects of 
magnetic fields on the human heart and has resulted in the development 
of magnetic field exposure standards similar to those developed for ex-
posure to ionizing radiation. Brookhaven National Laboratory has also 
established magnetic field exposure guidelines for its personnel. 

Battelle Northwest Laboratories is performing a study of the bio-
logical effects of high magnetic fields on humans. The results of the 
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Battelle study will be considered when developing biological shielding 
and exposure criteria during the preliminary EPR conceptual design 
phase. 

An additional hazard associated with high magnetic fields arises 
from loose magnetic materials such as tools and parts. Procedures will 
be developed to eliminate this source of hazard. 

10.2.4 High Energy Storage Systems 

Operation of the EPR requires the storage of large quantities of 
energy in the form of magnetic fields, liquified helium, pressurized 
helium, and liquid metal heat sinks. 

The scoping studies have determined that the resultant toroidal 
magnetic field forces, directed toward the center of the toroidal cham-
ber, are as high as 250 x 106 N for each TF coil. Possible failures of 
TF coils or other controlling field coils could result in asymmetric 
loads. The potential "worst case" of asymmetric failure will be inves-
tigated further. 

Uncontrolled gasification of helium in a confined space, as well as 
failure of pressurized helium systems or liquid metal containment struc-
tures, is a potentially serious problem in terms of possible reactor 
damage. The consequences, in terms of impact on EPR schedule and costs 
of uncontrolled releases of stored energy, are not acceptable from a 
programmatic viewpoint. Relief, holdup, and alternative means of stored 
energy containment will be actively investigated in succeeding design 
phases. 

10.2.5 Safety and Quality Assurance 

Questions of radiological safety have been addressed briefly in the 
sections on tritium handling systems, blanket and shield design, and 
licensing. The criteria and governing regulations to which EPR should 
probably conform have been cited and discussed. Detailed studies on 
failure modes, .safety systems, direct dost from neutron streaming, cap-
ture and decay gammas, and air activation will have to be carried out to 
ensure compliance with the criteria for radiological safety. 
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Safety considerations related to electrical, magnetic, and mechan-
ical phenomena in fusion reactors are presently the subject of scoping 
studies at BNL, PNL, and UCLA. The results of these studies must be 
factored into the EPR conceptual design as soon as they become available. 

Any project of the scale and nature of EPR must have a thorough 
quality assurance program. The program should cover the whole process 
of engineering, design, manufacturing, and construction. Those phases 
of the program that cover components and systems connected with radio-
logical hazards should be formulated in accordance with guidelines for 
quality assurance contained in 10 CFR 50, Appendix B.6 It will be neces-
sary to examine not only the guidelines but also the supporting logic to 
determine exactly what level of quality assurance is required for the 
various EPR systems and components. 

The quality assurance program requirements for other systems and 
components should be based on the overall consequences of their failure 
to perform properly and their complexity. 

10.3 LICENSING 

The EPR as a government-owned, government-operated facility would 
not be subject to most existing licensing requirements. However, it 
would be required to comply with the National Environmental Policy Act, 
and with the advent of a separate Nuclear Regulatory Commission, new 
regulations may be formulated that could include provisions for licens-
ing projects such as EPR. While NRC regulations regarding radiological 
safety generally provide exemptions for federal projects, a reccr.c exec-
utive order7 called for compliance where possible without threatening 
the national interest. General trends also indicate that EPR should 
comply with relevant regulations concerning radiological safety, whether 
or not they are in fact legally applicable at this time. In an attempt 
to identify the necessary administrative and design steps for obtaining 
approval to construct and operate an EPR, the following paragraphs dis-
cuss the required environmental impact statement, the licensing process 
for non-federally owned nuclear facilities, the radiological safety reg-
ulations with which the design and operation of such a nuclear facility 
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must comply to be licensable, and the applicabilitv or such regulations 
to an EPk. 

The National Environmental Policy Act of 19t>4 requires that Envi-
ronmental Impact Statements be prepared by federal agencies before any 
action is taken that may have significant impact on the environment. 
At the outset of any project, an environmental assessment is performed 
by the responsible agency to determine if the action will have signifi-
cant impact and thus require preparation of a statement. If a statement 
is required, a draft is written and distributed for comments to all rel-
evant agencies, including state and local governm s, and is made avail-
able to the public. A final statement is prepared incorporating comments 
received on the draft. The purpose of the requirement for a statement 
is to allow the public, the Congress, and the Executive Branch to eval-
uate projects and actions with full knowledge of their consequences to 
the environment. 

It is already clear that the nature and scale of the EPR are such 
that it will require an impact statement. Guidelines for preparation 
of such a statement contained in the Code of Federal Regulations, Title 
10, Part 11 (10 CFR 11) require the following information: 

1) A detailed description of the site, the EPR, and the 
relationship of EPR with other projects, emphasizing 
features of environmental significance. 

2) Anticipated benefits. 
3) Character of existing environment. 
4) Environmental impact; unavoidable adverse impacts. 
5) Alternatives, including provision of additional pollution 

abatement and safety features, and the case for not con-
structing an EpR. 

6) Relationship between short-term uses and long-term 
productivity. 

7) Conflicts with local, regional, or state plants. 
8) Irretrievable commitment of resources. 
9) Cost benefit analysis. 
The procedure for obtaining a license for a facility neither govern-

ment-owned nor government-operated is described in 10 CFR 50.G The procedu 
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calls for application for a license before any major construction. The 
chief technical content of such an application is contained in the pre-
liminary safety analysis report (PSAR). The PSAR must contain the fol-
lowing information: 

1) A general description of the facility including safety 
considerations and novel design features. 

2) Information concerning materials of construction, gen-
eral arrangement, and approximate dimensions. 

3) Design criteria and design bases. 
4) A detailed safety evaluation, including safety margins, 

prevention of accidents, analysis of potentid accidents, 
mitigation of effects upon the public, and estimates of 
nomal releases of radionuclides. 

5) Choice and justification of technical specifications for 
operation of the plant. 

6) Personnel training and operating plants. 
7) Quality assurance program. 
8) Description of research and development required to 

confirm the adequacy of safety-related systems. 
9) Plans for coping with emergencies. 
In addition, tht applicant must furnish an Environmental Impact 

Report, which is used as a basis for an impact statement similar to that 
described above. 

The application is reviewed by the Nuclear Regulatory Commission (NRC) 
and a public hearing is conducted by an Atomic Safety and Licensing Board. 
If the application is approved by the Commission, a construction permit 
la issued. 

At the end of the construction period, but before operation, an 
amendment to the original application must be filed, requesting an oper-
ating license. This amendment must contain a final safety analysis 
report (FSAR) similar in scope to the PSAR but more complete and detailed 
in view of the fact that the design and construction have been completed. 
The amendment is also reviewed by the Commission, and another public 
hearing is conducted by an Atomic Safety and Licensing Board. Approval 
of the amended application is a prerequisite for an operating license. 
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At this time government-owned and government-operated facilities, 
such as the EPR would be, are not required by law to comply witli regu-
lations concerning radiological safety. However, the separation between 
ERDA and NRC may lead to a change in this requirement in the near future, 
and a recent executive order7 calls for federal facilities to comply with 
all. relevant government regulations unless a conflict with the national 
interest arises. In any case, it seems reasonable to expect the prede-
cessor of fusion power plants to comply with the spirit of regulations 
established for fission plants. 

The bulk of the regulations and guidelines for fission reactors is 
contained in 10 CFR 20,8 10 CFR 50,6 and 10 CFR 100.9 A tabular summary of 
relevant dosage limits set by these documents is contained in Table 10.1. 

Federal regulation 10 CFR 20 contains limits on doses to onsite per-
sonnel, individual members of the public, and large groups of the general 
public. It also contains limits on concentrations of radionuclides in 
air and water for both restricted and unrestricted areas and requires 
that releases of radionuclides to the environment be held as low as 

* .4 

practicable. 
Besides the licensing procedures described above, 10 CFR 50 contains 

among others the following appendices: 
Appendix A. Complete design criteria for fission power 

plants (a few of these may be relevant to EPR). 
Appendix B. Quality assurance criteria for the entire 

design and construction process. 
Appendix E. Requirements for emergency plans. 
Appendix I. Numerical guides for design objectives and 

limiting conditions in order chat operation 
will meet the "low as practicable" release 
criterion. (See Table 10.1.) 

Federal Regulation 10 CFR 100 provides guidelines for evaluating 
reactor sites. The nature of the reactor and the site are to be consid-
ered together in an attempt to assess the overall hazard to the general 
public. The site-related factors considered are the geology, hydrology, 
meteorology, and population distribution in the area. The design-basis 
accident must not result in dose levels in excess of the acceptable site 
limits stated in Table 10.1. 
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Table 10.1. Radiological hazard limits in federal 
regulations relevant to fusion reactors 

1. 10 CFR 20 dose limits (whole body) 
Occupational 5 rem/year 

3 rem/quarter 
Member of general public 0.5 rem/year 
Basis for maximum permissible 

concentrations in unrestricted 
areas 0.17 rem/year 

2. 10 CFR 20 maximum permissible concentrations (MPC's) 

Restricted area MPC Unrestricted area MFC cc - cc 

Tritium in water 1 x 10-1 5 10~3 

Tritium in air 5 * 10"6 2 * 10-7 

Tritium in air 
with no in-
gestion 2 x 10~3 

3. 10 CFR 50 Appendix I (proposed) design guidelines 
Tritium in water before dilution in natural 

body of water (annual average) 5 * 10-3 

Dose from noble gases at site boundary <10 mrem/year** 
Minimum whole body dose to an individual 

member of public from gaseous effluents <5 mrem/year 

4. 10 CFR 100 reference whole body dose value for design basis 
accident 
Two-hour dose at exclusion area boundary 25 rem 
Dose from radioactive cloud at low-population zone outer boundary 25 rem 

aA recent NRC staff recommendation calls for raising the permissible 
skin dose to 15 mrem/year. 
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The guidelines in 10 CFR 20, 10 CFR 50, and 10 CFR 100 vary in their 
relevance to the EPR, The permissible radiation doses and radionuclide 
concentrations prescribed in 10 CFR 20 may be assumed to apply in full. 
Much of the appendices to 10 CFR 50 is clearly specific to fission reactors, 
but the EPR design should proceed in compliance with the intent of these 
guidelines. For example, many of the criteria for fission product con-
tainment in Appendix A of 10 CFR 50 could be directed to first wall and 
blanket module activation products and to tritium production. Appendices 
B and E of 10 CFR 50 may be largely applicable, although the lesser hazards 
associated with an EPR may justify some relaxation. The design limits on 
effluents contained in the proposed Appendix I of 10 CFR 50 may also be 
assumed to apply, with the modification that tritium concentrations in 
gaseous effluents would be governed by the annual whole-body dose limit 
ot 5 mrem, while release of activation products would be limited by the 
proposed skin dose limit of 15 mrem. 

It is not expected that the limits suggested for doses due to max-
imum credible accidents in 10 CFR 100 will impose excessive restrictions 
on EPR site selection if reasonable safety and containment systems are 
provided. It should be noted that the criteria and preliminary designs 
for the EPR tritium handling systems are in compliance with, and are 
often more restrictive than, the numerical limits contained in these 
three parts of 1G CFR. 

10.A SCHEDULING 

Schedule predictions for large new-technology projects such as EPR 
may be developed either on the basis of a detailed desigr. or frr-* a com-
parison with similar projects. Since EPR design is not complete, sched-
ule predictions have been made by the comparative method, which has a 
relatively high uncertainty. 

10.4.1 Schedule Development 

A schedule has been developed for an EPR with completion date of 
1985 as shown in Fig. 10.1. The schedule was organized using procure-
ment, construction, and installation data based on projections for light 
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water reactor (LWR) construction and ERDA's Appendix 6101 Management ot 
Construction Projects Handbook. The development of the schedule is based 
on the 1985 completion date and utilizes the optimistic projection for 
LWR construction, principally in terms of facilities and the reactor 
vessel itself, to determine the required dates for initiation of activ-
ities. Funding in FY 1979 will be required to maintain this schedule. 
The time from initiation of EPR construction to completion of systems 
testing is 60 months, as in the LWR systems. In comparing this EPR sched-
ule with those of other projects, it is interesting to note that the T F ' I K 

Project, which is considerably smaller than the EPR, is expected to take 
75 months from initiation of construction to plasma operation. A more 
compressed schedule is required of EPR. 

Major milestones have been indicated on the schedule. These mile-
stones are based on the specified assumptions for completion and on the 
premise that there will be Capital Line Item Funding. They also serve 
to emphasize the correlation between the EPR Project and the continuing 
FED Research and Development Program. 

10.4.2 Reporting and Funding Requirements 

Requirements for funding applications, as described in Appendix 6101 
Management of Construction Projects Handbook, include Short Form Data 
Sheets for project identification, Schedule 44 Construction Project Data 
Sheets, and Conceptual Design Reports. The Schedule 44's and the Concep-
f i l Design Reports are required for scope, cost, schedule, performance 
level, environmental and safety requirements, and methods of accomplish-
ment of the project. Environmental impact assessments and safety eval-
uations are considered as not determining the schedule and are included 
as part of the Conceptual Design Reports. The Environmental Impact 
Statements (EIS) and the Preliminary Safety Analysis Reports (PSAR) will 
be completed before final design starts, so that hazard and impact pre-
vention measures can be applied and compliance with environmental stan-
dards and guidelines can be achieved. It is assumed that a construction 
permit will be issued to coincide with the sta^t of excavation after the 
PSAR is approved. 
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10.4.3. Construction Schedule 

The Construction Schedule was organized from that of LWR projections. 
LWR's in the one-billion-dollar cost range and producing an output of 
800-900 MW(e) have projected schedules based on historical data that 
required an average of 60 months of construction time (from the start 
of site work or excavation to criticality or completion of systems test-
ing) . Current projections by industry and ERDA for future LWR plants of 
1100-1150 MW(e) output, which are scheduled for the late 1970's and early 
1980's, estimate 60 to 66 months for construction. 

According to this schedule the erection or construction of the ex-
periment building will require 2-3/4 years and will begin after 1/2 year 
of excavation. All building and equipment designs, and approximately 3/4 
of the building and equipment procurements, will be completed before 
building construction begins. 

The equipment installation, which requires 1-1/2 years, will begin 
after approximately two years of building erection. All the equipment and 
building procurement and most of the equipment fabrication, preassembly, 
and delivery will have been completed before the installation begins. 

A 6-month period of systems testing activity should take place after 
completion of the equipment installation. Testing is required to assure 
that each system operates properly, and, if necessary, to correct the 
integrated systems of the facility before plasma operation begins. 

It is important to note that these estimated times are derived from 
20 years of actual LWR experience and represent a reasonably advanced 
state of knowledge. Although experience with large tokamak systems in 
the next six or seven years will add to this knowledge, there seems to 
be no reason to believe that these times will be markedly reduced after 
a detailed analysis of the EPR schedule. 

10.4.4 Comments on Interface of SCMDP and 
TFTR with the 1985 EPR Schedule 

Indicated on the 1985 EPR schedule are four important milestones 
from the Superconducting Magnet Development Program (SCMDP) at ORNL dated 
August 1975 and from the Tokamak Fusion Test Reactor (TFTR) schedule at 
PPPL dated April 1975. 



The 1985 EPR schedule requires that: 
1) All equipment and building design be completed before the 

start in July 1981 of the EPR prototypic 6-m coil tests 
and before the start in October 1981 of TFTR injection. 

2) Approximately 3/4 of the ejuipment and building procure-
ment be completed before the start in July 1981 of these 
important coil and injection tests. 

3) The excavation for the building be almost completed and 
about 1/4 of the building erection be accomplished by 
the same date. 

4) Approximately 3/4 of the equipment fabrication, preassembly, 
and delivery be completed before the start in October 1982 
of the EPR prototypic 10-m coil tests. 

If the EPR development programs demonstrate results appreciably different 
from those predicted by theory and design, considerable risks in cost and 
time could result from adherence to this schedule. 

10.4.5 Further Work Needed on Schedule Development 

Concurrently with the refinement of the reference design, the ref-
erence schedule can and must be developed on the basis of the actual EPR 
design rather than solely by comparison with other potentially similar 
projects. Two other such projects are under way. The first task is to 
enlarge the scope of inter-project comparison to cover other types of 
high technology projects. Studies to date have included consideration 
of the LWR and Clinch River Breeder Reactor programs. This work is 
being extended to examine the relevance to EPR of the experience of 
FermiLab and others. The second task is to consider the critical items 
associated with manufacture of the key tokamak components and also those 
important to the balance of the EPR plant but outside the direct tokamak 
circle. For example, the realities of schedule and cost require early 
considerat ion of the remote maintenance equipment; the implication of 
large beam lines, maintenance areas, and tritium containment on building 
specifications; the connections with and demands made on the electrical 
grid; and the establishment of on-site manufacturing facilities in the 
early 1980's for production of large critical items. 
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APPENDIX A 

Considerations for Definition of the EPR Project: 
(Excerpt from ORNL/TM-4853) 

The Tokamak. Experimental Power Reactor is both the focus of a broad 
program for the next ten years and a stepping-stone to the Demonstration 
Reactor Plant and the fusion reactors that will follow it. Definition 
of the EPR project therefore requires that we consider simultaneously 
what information the EPR must produce (which determines its principal 
characteristics) and what information is necessary to design the EPR 
with confidence (which affects the demands on earlier devices and pro-
grams) . The necessary sequences and cross-connections among CTR program 
elements must be clearly identified and made known. 

1. Fusion Reactor Features to be Included in EPR 

The various conceptual studies of tokamak power reactors that have 
been done at Princeton,1 the University of Wisconsin,2 Oak Ridge,3 and 
abroad1*'5 have produced concepts that differ considerably in detail but 
which have in common several general features. These features are listed 
in Table A-l. Alongside this list are the relevant features that should 
be considered for incorporation in the EPR. Although it is not included 
in the lists, another feature that the EPR should have in common with sub 
sequent reactors is the general shape of the plasma, whether it be approx 
imately circular or pronouncedly non-circular. Note also that the mode o 
operation (driven, beam-controlled, or ignited) is not identified ex-
plicitly although it is involved in the statement regarding Q. 

Another way of looking at the relevance of the EPR to subsequent 
tokamak fusion power reactors is to list the outstanding problems or 
questions with regard to these reactors and ask which of these will be 
addressed in a meaningful way in the EPR. A list compiled by an inter-
national workshop at Culham6 in 19 73 is the basis for Table A-2. 
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Table A-l. Some general characteristics of 
tokamak power reactors 

Characteristics of Characteristics 
turn-of-the-century or objectives 

reactors of the EPR 

1. D-T plasma D-T plasma 

2. Tritium breeding blanket Tritium production in experimental 
modules 

3. Heating by deuterium beam 
inj ection 

4. Substantial electrical power 
production 

5. Fusion energy multiplication 
factor sufficient for high 
plant efficiency 

6. Superconducting toroidal 
field coils 

Heating by deuterium beam injec-
tion 

Significant electrical power 
production 

Fusion energy multiplication factor 
adequate for significant electrical 
power 

Superconducting toroidal field 
coils 

7. Superconducting pulsed coils 

8. Quasi-steady-state operation 
(long plasma) 

9. Divertor and/or other devices 
for impurity control 

10. Fueling system 

11. Parts subject to rapid radia-
tion damage designed for 
routine replacement after 
becoming radioactive 

Either resistive or superconducting 
pulsed coils 

Quasi-steady-state operation (long 
pulses) 

Divertor and/or other devices for 
impurity control 

Fueling system 

Inner parts designed for routine 
replacement after becoming radio-
active 

12. All parts assuredly maintain-
able with minimal radiation 
exposure of personnel 

All parts assuredly maintainable 
with minimal radiation exposure 
of personnel 
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Table A-2. Outstanding problem areas of 
tokamak power reactors 

Problem 
areas 

1. System startup 
(current rise, effects of tran-
sient fields on superconducting 
magnets, energetics of beams, 
atomic physics) 

2. Plasma burn 
(ignition vs driven system, 
control, impurity behavior, 
refueling, operating strategy) 

3. First wall protection 
(use of screen or curtain to 
protect vacuum vessel walls, 
thermal design, impurity in-
flux, surface erosion) 

4. Radiation damage 
(neutron and gamma-ray damage 
in first wall, blanket, and 
insulation) 

5. Tritium management and control 
(recycle in primary system with 
maximal recovery, contain to 
prevent leakage or accidental 
release to environment) 

6. System reliability 
(component reliability, acces-
sibility, replacement, repair) 

7. Environmental effects 
(normal releases of radioac-
tivity, effects of credible 
accidents) 

Investigation or 
demonstration in EPR 

Demonstrate, with larger plasma, 
systems and techniques designed and 
tested in TFTR, TTAP, and earlier 
devices. 

Investigate thermal and impurity 
behavior. Test control system per-
formance. Demonstrate quasi-steady 
refueling of larger plasma than 
TTAP. Determine optimum strategy 
for reactors. 

Demonstrate viability in combined 
radiation, neutron, and other par-
ticle fluxes of materials and geom-
etries developed in TTAP and other 
devices. 

Measure fluxes, particularly around 
penetrations, to prove shielding 
design. Observe damage in high 
fields, sensitive materials. 

Demonstrate performance and relia-
bility of systems developed in 
Fusion Systems Engineering Programs. 

Demonstrate long-term, high-avail-
ability operation (after shakedown). 
Demonstrate maintenance techniques 
and tools. 

Establish and emphasize acceptabil-
ity of fusion power in course of 
full review process and operating 
demonstration. 
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Fusion-fission hybrid systems7 are the subject of considerable 
interest at the present time and, although the prospects of such systems 
based on tokamak technology are as yet unclear, the implications for the 
tokamak EPR must be seriously considered. Studies are being conducted 
for DCTR, and the Electric Power Research Institute (EPRI) is initiating 
others. Among the EPRI ideas is that of a fusion device providing neu-
trons to a blanket that contains thorium to produce 2 3 3U (hopefully with 
little 2 3 2U) f or use as HTGR fuel. (Development of a continuous process 
for removing protactinium and fission products from a thorium-bearing 
blanket is being pursued as a primary objective of the DRRD-sponsored 
Molten-Salt Reactor Program at Oak Ridge.)0 Other blanket concepts In-
volve substantial fission power production in blankets containing 2 3 8U 
and plutonium. In considering any of thase blankets for the EPR, the 
following question of basic philosophy is involved. Should the EPR ex-
clude a blanket that produces fissions, 2 3 3U, or tritium (at least at 
first), to avoid possible interference with achieving the primary goal 
of advancing tokamak science and technology; or, if the ultimate appli-
cation of tokamaks clearly involves such blankets, should the essential 
goals of the EPR include their demonstration? 

2. EPR Operating Power Level 

Preliminary thinking in DCTR and elsewhere about the purpose of the 
EPR has led to the view that it should produce several tens of megawatts 
of electricity. Assuming this gross electrical power and that the con-
version efficiency is 20 to 30%, the average fusion power must be on the 
order of 100 to 200 MW(th) to achieve this goal. Further analysis is 
likely to bear out this early view, but the rationale for the choice of 
power level must be developed and described for review and criticism by 
the CTR-fusion power community. Meanwhile, in order to proceed with 
preliminary scoping studies, some assumptions will be made. 

Reference design values for fusion power vs time during operating 
cycles — both typical cycles and maximal cycles — are required to pro-
vide input for exploratory considerations of blanket, shielding, materials, 
maintenance, etc. The shape of the power vs time curve will reflect 
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anticipated plasma behavior, fueling operations or ot! • ~ control, and 
downtime between burns. The choice of an average thermal power level 
to be used in preliminary studies is discussed in the paragraphs that 
follow. 

Among the requirements for EPR power that have been suggested at 
ORNL and elsewhere in the FED community are the following, arranged in 
what may prove to be the ascending order of difficulty of attainment: 

1) plasma power high enough to study alpha particle 
effects on plasma, 

2) plasma power high enough to study burn dynamics and 
control, 

3) radiation heating in toroidal field magnets intense 
enough to test heat transfer design, 

4) neutron and gamma heating high enough for demonstration 
of recovery of fusion energy in a high-temperature 
medium, 

5) heating intense enough to provide useful check, of 
blanket heat blanket design, 

6) significant electric power generation, 
7) electrical energy breakeven, and 
8) electrical power self-sufficiency. 
Logically the approach of setting the power goal should be made in the 

same way as the rest of the EPR planning and design: in light of the 
EPR's role in the progression of fusion experiments leading to a Demon-
stration Reactor Plant and ultimately to safe, reliable, and economical 
power. At the outset it would seem that goal 4, 5, or 6 is likely to be 
the most reasonable objective. In any of these cases, the required fusion 
power would be more than high enough to achieve goals 1 and 2. Goal 3 can 
certainly be reached, but how well goal 5 can be achieved in EPR remains to 
be explored. Materials testing is not included in the list of goals that 
might determine the EPR operating power: the EPR may provide useful in-
formation or corroboration, but primary dependence will be on other 
sources. 



DCTR Chinking of a year ago is reflected in WASH-1290, which says 
"The aim of the EPR would be to demonstrate significant power generation" 
and "electrical power production ... at many tens of electrical megawatts." 
In other places a goal of "net electrical power" has been mentioned, but 
the meaning of the word "net" is unclear, as in the past it has sometimes 
been used ambiguously by the USAEC in its application to fission reactor 
experiments. These terms — "significant," "net," and "breakeven" — will 
be considered in turn. 

"Significant" power. The dictionary definition of significant is 
sa.mply "having meaning." Thus, a reasonable interpretation of "signifi-
cant power generation" in the EPR might be the production of electricity 
with equipment resembling that which will likely be used in the next-
generation fusion power reactor. What is that? The question of suitable 
energy conversion performance in the EPR is affected by but is not iden-
tical with the question of the best ultimate cycle. One line of thinking 
is that ultimately fusion reactor designers will seek high efficiency by -
the use of gas turbines, metallic vapor topping, etc. It seems, however, 
that when reliability, fuel cycle costs, and capital costs as functions 
of thermal capability and plant thermal efficiency are taken into account, 
early fusion power reactors (immediately following the EPR) are likely to 
employ steam turbogenerators with moderate throttle conditions. If anal-
ysis for the Demonstration Reactor Plant shows that this is true, then 
surely similar "conventional" equipment should be used in the EPR. Even 
if it should turn out that all fusion reactors after the EPR will have 
very high-temperature thermodynamic cycles, one might choose in EPR for 
the sake of reliability to use a moderate-temperature steam cycle to 
generate electricity. 

It seems justifiable to say that the EPR is generating "significant" 
power if it is producing as much as early fission reactors regarded as 
successful power demonstrations. Key fission power.experiments preceding 
true commercial reactors are listed in Table A-3. (Although representing 
approximately half of all the reactors of their era, these are the ones 
that were most heralded and are best remembered.) Aside from the 90-MW(e) 
Shippingport reactor, the highest electrical power of any listed is 
22 MW(e). Note that some of the reactors AEC classified as "experimental 
power reactor systems" did not generate electricity at all.9 About all 
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that can be said from this comparison is that if the EPR makes some tens 
of electrical megawatts, it will use generating equipment that is in the 
size range not only of the reactor experiments but also of the early 
reactors (such as Shippingport, Piqua, and Elk River) that utilities 
operated primarily for the power they could generate. (AEC paid for 
construction of the reactors in the interests of reactor technology 
development.) 

"Net" and "breakeven." The word "net" in the context of a power 
station means that which is left after the station requirements are 
deducted from the gross electrical production. In the tokamak EPR 
plant, there are wide cyclic variations in both the electrical power 
requirements (for plasma-driving system and injectors) and the thermal 
power being produced by the fusion reactor. It is necessary to be 
specific about the power or energy goals, and "net" should not be used 
without explicit definition. 

The condition that might be called "plant energy breakeven" is a 
clearly recognizable point (and more precisely defined than "significant 
power"). This means that over a period of one or more tokamak cycles 
(burns) the total electrical energy flowing out of the plant equals the 
electrical energy that flows in. Under this definition, during the parts 
of the cycle (plasma initiation and heating) when electrical requirements 
peak, the external power grid could supply energy to the plant if over 
the rest of the cycle an equal amount of energy flows out. Presentation 
to the public of an EPR facility operating in this fashion would have 
substantial psychological impact. 

One might wish to go further and visualize an EPR facility that had 
the capability of continuing full operation when disconnected from an 
external power network. Although the idea has some appeal, it is of 
dubious value. In comparison with the "plant energy breakeven situation" 
the "self-sufficient" facility would have to have either a larger 
turbogenerator (with suitably fast response to load changes) and/or more 
electrical storage capacity in order to meet peak demands (from plasma 
driving system and injectors) without outside aid. There is no practical 
advantage; the reliability and capability of major power grids (such as 
TVA) are such that it seems unlikely that the ability to continue full 



operation when disconnected would be exercised. The only possible 
justification is on the basis of greater psychological value that might 
be attached to such "electrical self-sufficiency." It does not seem that 
this would be worth the additional expenditures for self-sufficiency. 

Thermal considerations. The most demanding heat transfer situations 
in the EPR will undoubtedly be associated with some of the surfaces 
exposed to the plasma (the limiters, the first wall, and divertor 
surfaces). Although this is true, and these areas must therefore be 
carefully designed, it seems inappropriate that the reactor design power 
level be determined on this basis. 

Superconducting coils, although tested under otherwise realistic 
tokamak conditions in TTA, will be subjected to substantial radiation 
heating for the first time in the EPR. (Development tests could include 
simulated radiation heating.) The EPR coil shielding and cooling must 
be conservatively designed .so that the coils do not come close to quenching 
due to radiation during normal operation. Clearly a tradeoff can be made 
between shield thickness (and materials) and coil cooling capability. 
From the standpoint of magnet development, it may be desirable to perform 
tests in which the heating in the EPR coils is allowed to increase in 
order to determine the actual capability of the cooling system. This would 
require an increase in heating by a factor of two or more (the safety 
margin during normal operations). Since other considerations may rule out 
increasing the fusion power this much above the normal level, the increased 
heating in the coils will probably have to be accomplished by removing 
several centimeters of shielding in a strategic location. By simply 
adjusting the thickness of the EPR shield, heat generation rates in the 
coils could easily be produced equal to any expected in future reactors; 
this is true almost regardless of what the EPR power is. In short, the 
point is that the power for which the EPR is designed will not be determined 
by the radiation heating in the coils. 

Blanket heat generation and removal in EPR will be of great interest 
because of their relevance to the design of future reactors. Regardless 
of the form of the EPR blanket, the higher the power density, the more 
valuable will be the experience. It appears that it will be difficult 
to get EPR blanket power densities up to the range of high-performance 
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reactors. Thus blanket heat removal considerations constitute a pressure 
to increase the EPR design power but do not define a threshold. 

Materials considerations. Materials considerations are r.ot likely to 
set limits on the EPR design power. At any reasonable power the neutron 
fluxes will be high enough to affect various components; judicious 
selection of first wall and blanket structural materials will minimize 
the constraints on EPR design by materials considerations. The desirabil-
ity of obtaining useful irradiation data from the EPR is another factor 
that tends to push the design power up but does not define a reasonable 
threshold power. 

3. Goals of Long-term Operation 
In order to be a convincing demonstration of growing maturity in the 

fusion power effort, the EPR must operate quite safely and somewhat 
reliably for a substantial period of time. Safe operation can be defined 
as operation with no unusual radiation exposures to operating or mainte-
nance personnel, no injuries related to the peculiar features of the plant, 
and no incident that is of concern from the standpoint of the health and 
safety of the public. What constitutes satisfactory reliability and 
duration for an operational demonstration requires some consideration. 

One yardstick of reliable operation is the record of present-day 
commercial power plants. Plant availability factors for large [>600 MW(e)] 
plants in 1972 and 1973 averaged 74% for fossil-fueled plants and 73% for 
nuclear plants.10 More pertinent to the tokamak EPR are the records of 
early experimental fission power reactors. Table A-4 lists plant capacity 
factors achieved by typical experimental power reactors and the total 
equivalent full-power hours of operation before the conclusion of their 

A basic dilemma in experimental reactors, which must be explored 
in the EPR studies, is that the device must be large enough to meet 
some essential requirements, yet the power must be small relative to 
power reactors to hold down costs; the result is low power densities. A 
set of credible EPR dimensions are R = 7 m, r. = 2.5 m, P = 150 MW and 
U^ = 20 MeV/fusion. In this case the neutron wall loading is 0.15 MW/m2. 
For comparison the neutron wall loading in the Princeton reference reactor 
(MATT-1050) is 1.8 MW/m2. 
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assumption for the duration of EPR ope rati or. . c a u l d *.. - . ;-a!v. i l . - t . : 
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be something like 65% availability (after a shakedown period") and ret!, ip • 

50% capacity factor over a selected one-year interval. 

Because of the experimental nature of the KPK, it appears iaappn pri 

to publish quantitative goals for availabilitv and duration of ope i i; 

The figures suggested above satisfy a need for assumptions or tarcei^ 

within the project. 

4. Required Input from Research and Development 1'rograns 

To indicate the extensive interrelationship of the EPR design etfort 

to various programs, Table A-5 lists items of information or experience 

that will certainly be needed for confident design and construction of t'a-

EPR. How the EPR conceptual design should or could possibly shape the 

specific goals of the various devices and programs is an important manage -

ment question. The impact of late availability of information on the 

manner in which the EPR design effort is organized and prosecuted must also 

be weighed. 
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APPENDIX B 

Discussion of Specific Objectives for EPR 

1. Scientific 
• Plasma dynamics. In order to provide an adequate basis for confi-

dent design of subsequent power reactors, the EPR must get into the 
previously unexplored regime where the alpha particle heating, if 
not dominant, is at least an important factor in the temperature-
time behavior of the plasma. This will provide for the first time 
the opportunity to verify theoretical predictions of dynamic 
behavior and to test fusion reactor control schemes. This probably 
requires a system near ignition (by analogy with measurement of 
effective delayed neutron fractions and neutron lifetime in a 
fission reactor that is near critical). If the performance 
increases sharply with size near the ignition threshold, as now 
seems likely, one would probably design the EPR to be capable of 
operation at ignition but would begin with subignition experiments 
until sufficient data and confidence had been obtained. This whole 
area must be explored as thoroughly as possible with today's data, 
the models that can bp Je\eloped, and the new data to come from 
machines in the near future. 
Fueling. Systems for fueling a hydrogen plasma during a long pulse 
will presumably have been developed and tried in the TTAP, although 
not before serious EPR design is under way. In the EPR there will 
be the added power-reactor requirement of maintaining the desired 
D/T ratio in the plasma by compensating in the fueling mixture for 
the D heating beams. Although the nature of the EPR fueling 
system cannot be specified at this time, it can and should be 
prototypic of future reactors and must be used as the focus of 
vigorous development efforts that are now being initiated. 
Long pulse time. The objective of "long pulse time" includes a 
nu-iber of significant and interrelated aspects. 
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Attainment o i a n extended e 1 e c t romagiu t i c :ie ; i l <ap.ihii- «>! 

taining a long pulse plasma is one part o i t i n 1 oil j t c t i v<-. !( 

requires superconducting toroidal tield coils, superconducting 

poloidal field windings, energy storage and energy switching 

systems, and feedback control systems. 

Attainment of a sustained plasma in the extended electromagnet it-
field is the other part of the objective, which is just now 
becoming recognized for what it is — a set of very difficult 
problems including fueling, impurity poisoning, wall interactions. 
heating, and plasma burn dynamics. Each of these problem areas 
can be considered initially on its own, certainly in its 
technological aspects, but a comprehensive solution reijui res 
consideration of all of these together. Since the TTAP experiment 
is designed to confront these long-pulse-length plasma problems 
for the first time, the EPR will be required to demonstrate 
definitively the techniques and ideas developed in TTAP. 

• Scaling with size. The EPR will have a plasma volume three orders 
of magnitude larger than present tokamaks and will explore new j 
regimes of physics scaling. The information thus developed is . 
vital for the design of fusion reactors. Large plasmas will have 
characteristics in density, temperature, current profiles, and 
materials interaction which differ from present plasmas, and these 
parameter changes present the possibility of a wide range of 
operating regimes. Thus the EPR design should be flexible enough 
to obtain maximum information from a subignition plasma and also 
to explore ignition conditions if the actual scaling is favorable. 

Technological 

• Experimental blanket modules. These should be designed to demon-
strate advanced heat removal concepts ?nd to conduct an integral 
experiment on tritium production in candidate breeding blanket 
designs using the massive source of 14-MeV neutrons represented by 
the EPR plasma. In connection with this, it will be worthwhile 
to use the heat generated in the tritium-producing modules to 



raise steam. Il prototypic materials and conditions are used, 
this test would provide a demonstration of control of tritium 
transport into the steam system, which is likely to be a crucial 
problem in fusion power reactors. 
Radiation damage. Radiation damage experiments as such should not 
be given top priority because of the risk of unbalancing the design 
and thus compromising the chances of achieving those objectives 
which, unlike radiation damage experiments, can be achieved only in 
the EPR. Particular radiation damage experiments which cannot be 
done elsewhere, and are critical to the next subsequent reactors, 
will have to be considered carefully. 
Shielding. Shield heat intensities can and should be very close to 
those in subsequent reactors; the plasma power density will be 
lower in EPR but the energy-converting blanket will be thinner. 
Thus the EPR shield should be practically the same as in subsequent 
react ors. 
Energy conversion. From the standpoint of science, there will 
already be sufficient data and design methods to calculate heat 
production by particles and soft radiation on the first wall and 
by neutrons in the absorbing regions with accuracy adequate for 
EPR design. Measurements in EPR will usefully extend the data 
base for designing higher power reactors. 

From the standpoint of technology, EPR design will involve intri-
cate problems in fluid flow, heat transfer, and thermal stresses 
in high temperature cyclic operation. In order to confront these 
problems, which will be the same in kind, only more intense, in 
higher power reactors, it will be necessary to set as a design 
criterion for the EPR that a large fraction (say 90%) of the 
fusion energy be converted into high-availability heat in a 
circulating thermodynamic medium. It is our view that this is 
sufficient for operation of the EPR to provide the essential 
prototypic experience in the area of energy conversion. It seems 
unnecessary from the standpoint of technology to require that 
the thermodynamic medium (liquid or gas) actually be used to raise 
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steam to drive a turbine. in the tritium producing modules, how-

ever, there is a valid t echno 1 ogi ,:a 1 objective in raising steam. 
From the standpoint of public relations, however, one can suv tn.it 
for considerations of psycho logical impact it may be nec<. -sary to 
generate electricity at a significant rate. 

Additional discussion of this topic is given in Appendix A. 
Superconducting magnets. These will have been developed through 
the SCMDP, with the TTA providing the essential prototvpic experi-
ence with a subsize toroidal system operating in a tokamak environ-
ment. Factors present in power reactors, which will be faced for 
the first time in the EPR, will include radiation heating and the 
necessity for disassembly and assembly in actual high radiation 
fields. These factors will be evaluated in EPR conceptual studies, 
and the results will guide development, including simulation of 
these effects. 

The current main line of development of EPK magnets is based on use 
of NbTi superconductors. It is conceivable, however, that it will 
be necessary to develop, for the EPR, magnets producing higher 
fields than are attainable with NbTi alloys; this seems likely to 
be the case if plasma transport scaling turns out to be as now pre-
dicted or worse and if non-circular plasmas turn out to be imprac-
ticable. The higher fields will require more extensive magnet 
development, and the possible impact on schedule must be examined. 
As experimental information on scaling and configurational sta-
bility becomes available, it will be assessed in terms of impact 
on predicted EPR performance and magnet development goals. 
Neutral beams. Injection heating of a large dense plasma over a 
long pulse is a plasma-related technology that will have been de-
veloped in a progression of tokamak applications and high-energy 
beam test stands. Quantitative performance criteria must come 
from theoretical analysis of injection in typical EPR models. A 
key question is how high the particle energies must be; this is a 
decisive factor in the source development program. 
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Tritium handling. The primary tritium handling system in the 
EPR must be a significant step beyond that in the TFTR in several 
regards and should be essentially the same as in subsequent higher 
power reactors. The higher throughput will require different 
process equipment from that used in TFTR and on-site isotopic 
separation. On-site recovery of tritium from special experimental 
blanket modules is needed to verify breeding calculations and to 
demonstrate recovery processes. 

3. Engineering 
• Subsystem integration. The EPR is a major step forward in that all 

of the emerging technologies, on a larger scale, must now be incor-
porated in a tightly integrated system. Thus, the EPR design effort 
will for the first time require the working out of rational trade-
offs among all the demands of a tokamak power reactor. To do so in 
a manner that will achieve a self-consistent and balanced conceptual 
design will require avoiding "excessive disciplinary reductionism." 
("Excessive disciplinary reductionism" means the tendency of any 
single group concerned with only one phase of the work to use up all 
design flexibility in solving its own problems, thereby leaving 
impossible tasks for everyone else.) EPR operation will then be 
a demonstration under real, complex constraints of the technologies 
that have been developed up to that time. 

• Operability. Operability of the EPR is an indispensable requisite 
for achievement of a whole spectrum of objectives. Attempts to 
achieve low cost, early construction, high performance, or versa-
tility must not be allowed to lead to a significant reduction in 
the assurance of operability. 

• Licensability. The necessary environmental assessments and the 
safety and failure mode analyses should be treated as prototypical 
of the procedures that will ultimately be involved in the licensing 
of commercial fusion power plants. This will warrant efforts beyond 
those that may be legally required for the EPR. 

• Safety. Safe operation can be defined as operation with no unusual 
radiation exposures to operating or maintenance personnel, no 
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injuries related to "he peculiar features of the plant, and no 
incident that is of concern from the standpoint of the health and 
safety of the public. Any credible accident in the EPR must pose 
no more threat to the surroundings or the general public than does 
a commercial power plant. In fact, the threat from fusion reactors 
should be demonstrably less, and the development of this argument 
during the review process should be an objective of the EPR project. 
There must be exceptional emphasis on operational safety in the EPR 
because of the sensitivity of public feelings to any kind of acci-
dent or death associated with an emerging technology. 

• Environmental acceptability. The impact of normal operation of the 
EPR on the environment must be low enough to obviate serious objec-
tions by the public or by concerned agencies. Tritium confinement 
is the most sensitive problem; acceptability is likely to mean no 
more tritium release from the EPR than from presently-operated 
non-controversial fission power plants. The EPR should probably 
be designed from the outset in accordance with the spirit of 
10 CFR 20, 10 CFR 50, and 10 CFR 100 which, while not as yet re-
quired legally, represent a set of minimum criteria which all 
nuclear plants should be expected to meet. In addition to radio-
logical hazards, other aspects of EPR operation, including 
electrical energy consumption, heat removal, and resource utiliza-
tion, must be considered in a process prototypical of later power 
reactors. 
Flexibility. Because the EPR is part of a rapidly evolving field, 
much pertinent information will become available during the later 
stages of design and construction. Other information will come 
only from the operation of the EPR itself. In order to take ad-
vantage of new developments and thereby push beyond originnl ob-
jectives, the possibilities must be weighed and attention given to 
flexibility throughout the design process. 
Availability. In order for its experimental program to be carried 
out in a timely manner, the EPR must be available for operation a 
substantial fraction of the time. Good (say >50%) availability is 
also necessary for the EPR to be a convincing demonstration of 
growing maturity in the fusion power effort. As explained in 
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Appendix A, a reasonable unofficial target might be 65% availability 
(after a shakedown period). 

• Reliability. The risk of an EPR breakdown terminating the program 
before essential objectives have been attained must be reduced to 
negligible proportions. This must be achieved by adequate prior 
development, quality assurance (in its broadest meaning), and de-
pendable maintenance provisions. The objectives in the EPR should 
be to achieve reliability and in the process to develop techniques 
required for subsequent reactors. 
Maintainability. Recovery from any credible breakdown must be 
practicable (for reliability) and provisions must be made for 
dealing quickly with all more likely failures (to achieve high 
availability). The radioactive maintenance problems and the 
schemes for accomplishing normal and abnormal maintenance in the 
EPR can be prototypic of future power reactors. The same kinds of 
equipment will be needed; for future reactors the equipment must be 
larger, but remote work will be required in either case, and 
personnel shielding need be only a few inches thicker. 

• Economy. Minimum cost consistent with technical objectives will be 
an important goal. Information, not power, however, is the princi-
pal EPR product, and the project must avoid the snare of allowing 
the ratio of capital cost to power output to be regarded as a mean-
ingful index. What is important is the following point: because 
much of the EPR will be prototypical of higher power reactors (for 
technological reasons), EPR cost data will provide a useful basis 
for greatly improved estimates of commerical fusion power plant 
costs. The project must therefore collect cost data and relevant 
information in a form that facilitates fusion power plant cost 
proj ections. 
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APPENDIX C 

A Summary of Relevant Superconducting 
and Tokamak Design Experience 

In 1971 an engineering design was prepared of a magnet system for a 
5000 MW(th) tokamak reactor1 in order to assess cost acceptability. In this 
study use was made of a conventional fully cryostabilized conductor.2 

Justification for this was given by the following statements: 
To obtain a very high assurance of reliable magnet performance, 
we designed the magnet system to be completely stabilized, i.e., 
the superconductor is embedded in a sufficient amount of high 
conductivity normal material that a normal zone arising from 
either a local heat disturbance or exceeding the critical 
current will ;.ui ptopagate.^ Barring failure of the cryogenic 
system, power supply, or some mechanical breakage, such magnets 
will not quench. This technique, coupled with the need for 
structural support to contain large hoop stresses, precludes 
operating at high overall current densities at least with the 
presently available commercial superconductors and normal 
matrix material. When reliability is of prime importance as 
in a utility application and cost and size secondary, a com-
pletely stabilized magnet is the proper choice. 

Even at the size of this machine (major radius = 10.5 m and magnet bore = 
11.2 m), it was not easy to obtain a cryostatic design operating at 80 kG. 
The conductor had to be set on edge and in effect face-cooled to obtain 
sufficient surface area in contact with helium. The conclusion of the 
paper included the prophetic remark: 

Finally, we would like to note that since it seems necassary 
to have the structural reinforcement in the cryogenic system 
and to avoid t'ej use of rtewars, future magnet systems for 
fusion applications may utilize compressed (single phase) 
helium flow in hollow compound conductors. 
A survey was subsequently conducted of all the engineering and super-

conducting problems that would be encountered in building a large super-
conducting toroid, and it was proposed3 that a superconducting magnet devel-
opment program be undertaken to provide the proven designs. It was felt 
then, as now, that the scale-up from present designs is within the expected 
technological progress, but cannot be considered a trivial undertaking. 
The main areas in which large toroidal magnets differ from other magnets 
that have been constructed are: 
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Largo bore sizes 
High non-axial symmetric fields 
Higher stored energy 
Large central forces 
Large bending moments and shear stress 
Fulsed field (transverse and poloidal) environment 
Horizontal bore axis. 

In 1974, when the conceptual design was undertaken of a feasibility 
device, ORMAK F/BX, the previous conductor design was reevaluated. 
It was soon found that a cryostabilized magnet at a bore size of 6 m could 
not be achieved within the constraints imposed by the tokamak operating 
principle. Significant face-cooling as well as edge cooling of the mono-
lithic conductor could have been introduced to achieve a cryostatic design, 
but this idea was not considered reliable for operation with such large 
forces acting on a conductor with the yield stress of copper. Cable or 
braid configurations, which are easier to stabilize, were also rejected 
because of their inherent structural deficiencies and almost total lack 
of previous employment in magnets of any appreciable size. Although high-
energy physicists were having great difficulty with the low copper-to-
superconducting volume ratio (Cu/SC) adiabatic (also incorrectly known as 
intrinsic) conductor, there was considerable success with what one may refer 
to as metastable magnets wound with an intermediate range of Cu/SC ratio 
(3 to 8). In fact, one could survey the literature and conclude that not 
all cryostabilized magnets are stable, and all metastable magnets are stable. 
A non-cryostabilized design was therefore proposed for the F/BX and ORMAK 
II projects and realized significant advantages for the higher overall 
current densities. Concern over the superimposed pulsed fields was greatly 
reduced by using mixed-matrix conductor, i.e., a thin barrier of CuNi to 
separate the NbTi-plus-Cu filaments and thereby decouple the filaments in 
varying transverse fields. Our disenchantment with "conventional" cryosta-
bilized conductor stems from the following points: 

• Incompatibility with small toroids 
Large winding mass 

• Long cooldown time 
Difficulty of design for operation in pulsed fields 
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• Difficulty of extrapolation for high-field conductor 
Strength limited to stress of copper. 

The performance record of magnets made from "conventional" fully cryosta-
bilized conductor was scanned. Most failed as follows: 

Gargemelle (CERN) — burned up 
• Pluto (DESY) — burned out windings 

Baseball (LLL) — quenched at 2/3 design 
• Hybrid (MIT) — quenched at 2/3 design 
• BNL Bubble Chamber - quenched at 28 KG, design at 30 K 
• BEBC (CERN) — finished in 1972 and finally in operation in 1975. 

For magnets which are reputed to be predictable, the above listing, which 
is not generally available, raises some doubts. However, the concept of a 
magnet that can recover from a local normalcy without undergoing a quench 
is advantageous and important. Questions to be asked are whether this can 
be achieved with any other conductor design, and whether an advanced cryo-
static design can be developed. 

The superconducting magnet development program has given contracts to 
a large number of industrial firms and university consultants to investi-
gate various aspects of the system. One such contract has been with the 
MIT Francis Bitter National Magnet Laboratory, which has developed a unique 
configuration for stabilizing intermediate values of copper-to-superconduct-
ing ratio conductors. A cabled conductor is compacted into a tube but with 
a deliberate void spacing of up to 20%. The helium is forced under pressure 
to flow through the tube where the conductor is placed. Therefore, while 
the helium circulation is similar to the known and used hollow conductor 
concept, the conductor itself is not in the walls or on the outside of the 
tube, as in previously investigated examples; the conductor is in all other 
respects, however, standard superconducting cable which comes in many vari-
eties. Because of the large cooled surface area and the high heat transfer 
coefficient of pressurize helium, the conductor is stable and will recover 
from a normalcy by depositing the Joule heating into a large heat capacity 
reservoir supplied by the helium. Since the helium is pressurized and is 
in the single phase regime, the increase in bath temperature does not result 
in the formation of bubbles, which has often in the past caused vapor lock 
leading to thermal runaway. Tube configuration is advantageous in providing 
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a stable operating mode tor a conductor which is flexible in tvpe and 
design (i.e. number, diameter, and twist pilch of the composite strands; 
•umber, diameter, and twist pitch of the superconducting filaments; copper 
aiiL1 Cu-Ni mixed-matrix or Al , if developed). This is a crucial factor, lie-
cause ti.Js design readily allows extension to higher fields utilizing mul-
tifilamentary NbjSn (when successfully developed). It should be noted that 
such a conductor is at the present time commercially available in a number 
of c infigurations from two sources in England, and a number of U.S. and 
Japanese firms are actually engaged in perfecting this potentially impor-
tant conductor. 

The main difficulty in utilizing NbjSn and all the other potential 
high field compounds is their inherent brittleness. However, tube configu-
ration may remove this disadvantage, since the conductor is not intimately 
bound to the structure and does not undergo a large strain in order to 
operate the structure at the maximum permissible stress level. 

Forced cooled conductors offer many advantages such as: 
Simplicity of crvostat 

* Low liquid He inventory 
Mechanical integrity 
Electrical integrity 
Easier control of cooldown thermal stress. 

On the other hand, it is only fair to point out that there are also some 
disadvantages: 

Greater complexity of cryogenic system 
Parallel cooling circuits 

• Protection more difficult. 

A few magnet systems which employ forced-flow cooling have been built or 
are under construction. A complete listing of all the large magnets 
follows: 

Omega, CERN — compressed He — hollow conductor 
Muon Channel, SIN — compressed He — external tubes 
Pion Toroids, Stanford — 2-phase He — external tubes 
Long Solenoid, Kapitza — 2-phase He — close-coupled tubes 
T-7 Toroid, Kurchatov — 2-phase He — close-coupled tubes. 
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In addition, it is interesting to present a selected history of all 
large meta,stable magnets or magnets wound from conductors with intermediate-
values of copper to superconducting ratio. By intermediate values, deliber-
ate avoidance is implied of the low values (Cu/SC ••' 3) associated with the 
adiabatically stabilized conductors used in high-energy physics experiments 
and known for their unpredictable behavior (training) and failure to make 
design values (degradation). By definition a large magnet or magnet system 
is one with stored energy of at least 1 MJ. At this level or above some 
means of protection is usually necersary to avoid damage on a quench. The 
intrinsic strength of the composite conductor is not sufficient at an 
energy of >1 MJ to contain the magnetic forces, and some means of structural 
reinforcement is required for safe, reliable operation. Cenerally, magnets 
in this range are not completely cryostabilized (i.e., a normal zone 
collapsing and the current returning completely to the superconductor). 
Instead, they are partially stabilized and metastable. That is, a normal 
zone neither collapses nor propagates, but remains in equilibrium and 
current is shared. Current sharing means that only the current in excess 
of the superconducting critical current flows in the normal substrate. 
Magnets at the lowest end of the Cu/SC ratio scale are generally adiabatic. 

Parameters of large metastable magnets 
(Cu/SC > 3 and E > 1 ) 

Magnet E (MJ) Size (m) B <j> Cu/SC 
(Bore x length) " " (kA/ cm2) ratio 

Muon Channel 2 0.13 x 8 50 17.6 3.5 
HYBUC 1.7 0.18 * 6 123 10 3 
BIM 10.5 1 x i 5 5 5 . 3 8 
Rutherford >1 M).5 * 0.5 75 >5 6 
W7 1.6 0.85 x 0.2 60 ^12 2.5 
CGE 2 0.4 x 0.3 78 8.4 ^5 

All of the above magnets operated without training or degradation. 
The design value was met. There are no other known large metastable 
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magnets. In some of the cases sli.iwn above, the conductor was cooled by 
conduction and was not in intimate contact with helium. Therefore, if 
such a conductor were also well cooled, one would expect it to perform in a 
cryostable or partially cryostable mode. In one experiment performed at 
the MIT National Magnet Laboratory, the conductor recovered from a normalcy 
even though the operating current density, averaged over the conductor and 
helium cross section, was as high as 6 kA/cm2. Large conventional cryo-
stabilized magnets would have average current densities over the windings 
(excluding structure and bobbin) of between 1.3 and 2 kA/cm2. With the 
present EPR reference conductor, an increase of a factor of 2 or better 
could easily be achieved. An increase in current density would not 
appreciably affect the overall amp-meters of conductor needed, but it would 
influence the cost in other significant ways. Some advantages of higher 
average current density are: 

Decrease in winding mass (M " ̂ T^) 
1 Decrease in radial winding thickness (t —r—) 6

 r 

Structural dimension decreases with magnet radial thickness 
• More access for beams and diagnostics with smaller radial thickness 

Smaller radial thickness means that more space is available for the 
poloidal volt-sec and requirements 
Smaller machines are possible if the current density can be 
increased. 



ZZ1 

REFERENCES 

1. M. S. Lubell et al., Plasma Physics & Controlled Nuclear Fusion 
Research, IAEA, Vienna, 3: 433 (1971). 

2. Z. J. J. Stekly and J. L. Zar, "Stable Superconducting Coils," IEEE 
Trans. Nucl. Sci. NS-12: 367-374 (1965). 

3. Presentation first made at Princeton, New Jersey (1972). 


