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PREFACE

This study was undertaken by the Fusion Status Study (FUSS)

Group, a working group of the Physics Advanced Systems Study Committee, to

assess the potential of current concepts in fusion as practical

elactronuclear breeder options. As with an earlier study restricted to

laser fusion (A Review of the Prospects for Laser Induced Thermonuclear

Fusion, AECL-484O (1974)) the underlying objective was to establish a

basis for future program direction of the AECL RC Advanced Systems

program. The long term goal of that program is to keep open the option of

electronuclear breeding in support of thorium advanced cycles for the

CANDU reactor.

While this study may impinne upon the related problem of select-

ing stand-alone fusion systems suitable for Canada, no attempt is made

here to identify such systems nor to address the question of what effort

would be appropriate under Canada's National Fusion Program toward

realization of such systems.

The FUSS Membership is as follows:

Members

G.A. Bartholomew Study Chairman
J.S. Geiger Alternate Study Chairman
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G.E. Lee-Whiting(C)
C.R. Hoffmann
F.C. Khanna
M.R. Shubaly
I.S< Towner
B. Uinterbon

J.S. Geiger(C)
F.C. Khanna
V.F. Sears
W. Selander

L.W. Funk(C)
H.R. Andrews
E.D. Earle
J.A. Hulbert
P.H.C. Lee

C.R. Hoffmann(C)
T.M. Hoi den
S.A. Kushneriuk
P.Y. Wong

Observers and Advisers

G.C. Hanna
G. Dolling
J.S. Fraser
D. McPherson
JcC.D. Milton
D.P. Jackson

(C) - Working party chairman

Magnetic Confinement

Inertial Confinement, Laser

Inertial Confinement, Particle Beams

System Optimization and Breeding Economics

This study benefited from contacts which exist between members

of the study group and experts in fusion, fusion breeding, and related

fields. Direct consultations occurred at conferences and during visits to

other laboratories. The following, scientists visited CRNL during the

course of the study;

A.J. Alcock
M. Bachynski
R. Bol ton
T. Brown
B. Gregory
D.L. Jassby
J.D. Lee

A.W. Maschke
R. Martin
A.H. Morton
M.G.R. Phillips
T. Teichmann
W.B. Thompson
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We are especially indebted to these people for addressing the staff on

various aspects of the fusion-breeder problem and for participating in

round table discussions with the FUSS group.

While acknowledging the invaluable assistance of these special-

ists, the FUSS group takes full responsibility for all observations and

conclusions recorded here. It should be emphasized that conclusions found

appropriate for Canada, given its special nuclear power picture involving

CANDU reactors and plentiful fuel supplies, are not necessarily those

appropriate for other countries.

G.A. Bartholomew

J.S. Geiger.



2. INTRODUCTION

[G.A. Bartholomew]

The present study is one of a number that have been undertaken

from time to time to establish a firm basis for long range planning of

advanced systems within AECL. A presentation^ on nuclear energy systems

other than fission reactors, i.e. including both fusion and accelerator

breeding, was made to the AECL Board of Directors in 1972. The Laser

Fusion Working Party report2 to the AECL Senior Management Committee in

1973 undertook a comprehensive picture of the status of laser fusion

studies and the outlook for laser driven inertial confinement fusion with

the objective of determining if AECL should initiate a program in that

area. A brief update^ of the outlook for laser driven inertial confine-

ment fusion was prepared by the same working party in 1977.

The primary objective of the present study is to assess the

potential for development of the leading approaches to fusion as practical

fissile-fuel breeding systems for Canada. It and a companion study on the

accelerator breeder^ are intended to provide the technical rationale for

selecting AECL's future program in advanced systems.

The present assessment is directed primarily to breeding appli-

cations of fusion; some discussion of the potential for development of

stand-alone (non-breeding) electrical power systems arises incidentally

but the topic is not considered in dep i. The discussion of breeding

systems is limited to those suitable for supplying fissile material to



CANOU reactors working as near breeders on thorium advanced fuel cycles.

This requirement removes from centra) consideration concepts in which a

fusion-fission hybrid system might itself function primarily as an elec-

trical power producer in competition, as it were, with the CANOU reactor.

However, in considering economics of breeding systems some attention is

given to cases in which the device is able to feed excess power to the

grid in addition to fulfilling requirements for fissile material. It was

considered to be probable that power consumption would be clustered, as at

present in Canada, in several areas of high demand with large intervening

areas of relatively low demand; such a distribution might be best served

by a system of several breeders sized to fit the clusters. As a rough

guideline to the size of breeder that might be appropriate in this context

a fissile isotope production capacity equivalent to 1 Mg» a "I 235(j

(93% enriched) was adopted. This output would service approximately

12,000 MW(e) of CANOU reactors fuelled on the thorium cycle at 0.9 conver-

sion efficiency and operated at 80% availability, assuming no accumulation

of inventory to start new reactors. The same unit size is adopted for the

accelerator breeder study3.

Three yardsticks were used to gauge the potential of various

systems: scientific feasibility, engineering practicality and economic

assessment. It was realized that the FUSS group did not itself possess

sufficient working expertise in the field to make independent judgements

of the -.cientific feasibility of a given approach to fusion, nor in

general, of engineering practicality of a design concept although the

broad knowledge of the group was equal to the task of recognizing major

strengths and weak- ses. Fortunately, approach to scientific feasibility



can be expressed objectively and quantitatively by various parameters or

figures of merit, such as nt product, ion temperature and fusion gain, all

of which can be extracted from the literature. However, engineering

practicality is not so easily q'<antified and for its assessment the group

relied heavily on informed opinion candidly and generously provided by

experts in the field. The economic assessment followed a procedure

devised by Critoph in the earlier laser fusion assessment^.

In this document, btiSic considerations common to all classes of

fusion are outlined in Section 3, descriptions of underlying principles

and the assessments of the state of the art. for the various approaches to

fusion are given in Sections 4, 5 and 6, economic assessments are made in

Section 10 and the summary and conclusions are presented in Section 11.

Costs are given in 1981 Canadian dollars unless stated otherwise.

References

1. Unpublished.

2. F.P. Blackstein, ed., A Review of the Prospects for Laser Induced

Thermonuclear Fusion, the AECL Laser Fusion Working Party, Atomic

Energy of Canada Limited, Report AECL-4840 (1974).

3. J.S Fraser, P.M. Garvey, C.R.J. Hoffmann and S.O. Schriber, A Review

of the Prospects for the Accelerator Breeder, Atomic Energy of Canada

Limited, Report AECL-7260 (1981).



3. BASIC CONSIDERATIONS

[J.S Geiger and L.W. Funk]

3.1 INTRODUCTION

The primary attraction of fusion as an energy source resides in

the fact, as currently perceived, that it provides the only alternative to

fission for supplying the major fraction of society's energy needs in the

long term. The world reserves of deuterium and lithium (including lithium

in sea water), the fuels required for the first phase of a fusion energy

economy, are adequate to supply energy at the present consumption rate for

many millennial. The same is true of world supplies of fissile

materials used in breeder reactors. Pure fusion systems are free of the

long-lived fission product wastes generated in fission reactors and hence

promise a much reduced long-term waste storage problem. Secondly, the

fusion systems will have much less energy stored in the form of short-

lived radioactivities than do fission reactors and hence will not have the

same critical requirement for emergency core cooling. Moreover, the pure

fusion reactor does not present a potential for runaway conditions in the

fusion reaction zone. It is for these reasons that many people strongly

favour fusion reactors over fission reactors. However, many of these

advantages do not apply if the fusion reactor has a fission blanket.



A principal drawback of fusion reactors seems certain to arise

from their economics. It is costly to create and maintain the extreme

physical conditions under which the fusion reaction will occur with net

energy gain. Since fuel coits play only a minor role in the overall

energy costs from both fusion and fission systems it seems certain that

pura fusion systems will not be economically competitive with fission

systems.

In the present study we are concerned primarily with fusion as a

source of neutrons rather than as a source of energy, the neutrons to be

used to breed fissile fuel for fission reactors. Supplies of the only

naturally occurring fissionable material, 235u, are relatively limited

and a need for bred reactor fuel is anticipated within 20-50 years. In

this role the fusion-fission breeder must compete economically with the

cost of rained and enriched uranium, fast breeder reactors and spallation

based breeder systems. Present cost estimates for the fusion-fission

breeder indicate it will become competitive if and when the real cost of

93% enriched Z 3 5U reaches ~ $140/g in current dollars.

In the remainder of this section we shall first consider some

basic properties of fusion reactions, the conditions which must be

satisfied in order to obtain net energy gain from fusion, and the various

means being tried to realize these conditions. We shall then consider

some of the engineering problems which will have to be solved in order to

transform the ci rrent generation of experimental fusion devices Into power

producing reactors. Thirdly, we shall review the fundamental aspects



involved in the conversion of fertile material into fissile material in a

breeding blanket.

3.2 CONDITIONS REQUIRED FOR ENERGY GENERATION FROM FUSION

The fusion reaction which is implied in the term fusion-fission

breeder is an exothermic nuclear reaction of low Z nuclei in which one of

the reaction products is a neutron. In order for fusion to occur the

nuclei must collide with an impact sufficient to overcome the Coulomb

repulsion acting between them. For the isotopes of even the lightest

element, hydrogen, the Coulomb repulsion causes the fusion cross section

o(E) to fall off very rapidly for collision energies below 10 keV; here

a(E) °= A e " c / ^ / ^ where A and c are constants.

In conventional nuclear physics studies of these reactions the

Coulomb repulsion is normally overcome by having one reactant in the form

of a directed monoenergetic ion beam and incident on a cool (i.e. target

material existing as neutral atoms) target containing the other reactant.

Under these circumstances the cross section for inelastic collision

exceeds that for fusion by orders of magnitude and the vast majority of

incident particles simply dissipate their kinetic energy as heat in the

target. Any fusion energy generated in the target is negligible by

comparison. The inelastic scattering cross section can be very

significantly reduced, however, by raising the target temperature to

£ 1 keV. Under these conditions beam-target interactions can give rise to

fusion energy production significantly exceeding incident beam power.



Fusion devices such as the two-component tokamak and the counter-

streaming-ion tokamak make use of this mechanism for a major fraction of

their energy generation. At the requisite temperatures the target is a

fully ionized gas, i.e. a plasma.

At somewhat higher target temperatures, T % 10 keV, •%. !0 8

°C, the thermal collisions of the ions of the plasma are sufficiently

violent that a fraction of them can give rise to fusion of an appropriate

ion mixture (e.g. 50% deuterium, 50% tritium). It is this thermonuclear

mechanism which drives the fusion reaction in most of the devices

considered in subsequent sections of this report. The deuterium-tritium

(DT) reaction is by far the most favourable fusion reaction because its

fusion cross section is at least one order of magnitude greater than that

of any other fusion reaction for collision energies from 1 to 100 keV.

Furthermore, the DT reaction has a relatively high fusion energy yield and

80% of this energy is carried by the neutron. This high neutron energy

permits significant neutron multiplication through (n,2n), (n,3n) and fast

fission reactions in the fusion-fission breeder.

The number of thermonuclear reactions produced 1n a plasma of

temperature T and density n is proportional to the length of time these

conditions are maintained, the confinement time T . The confinement

limitation may arise from particle escape, i.e. particle confinement time

ip, or from energy loss from the system resulting in a lowered plasma

temperature, I.e. an energy confinement time TE- Lawson^ was first

to consider the relationship between plasma temperature T, ion density n

and confinement time x which must be satisfied for energy breakeven. He



assumed that all the energy Ef put into the plasma to heat it to

temperature T could be recovered along with the fusion energy produced in

the plasma, Ep, and converted back into electricity with an efficiency

factor of 1/3, whence

E T = (ET + Ep) x 1/3

This condition is satisfied for a 50-50 0T mixture at a 10 keV ion

temperature when the m product is •»» 1014 cm'^.s.

The parameter Q, defined as

0 - FUSION ENERGY RELEASED ^F0 ^
H ENERGY USED IN HEATING PLASMA " E T

is commonly used as a measure of reactor performance. It will be noted

that the Lawson condition corresponds to Q = 2.

While the energy required for the initial heating of the plasma

to fusion temperatures must be sullied by an external source, the energy

necessary to maintain the plasma at the reaction temperature can be

derived in varying degree from the fusion reaction itself. A plasma

sustained at fusion temperatures by reaction product heating is said to be

ignited.

The two mjor problems which must be solved in order to achieve

thermonuclear fusion are those of plasma confinement and of plasma

heating. The various approaches to these problems fall into the two broad

classifications: magnetic confinement and inertial confinement.
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The magnetic approaches to plasma confinement use the Torres

which act between moving charged particles and an applied magnetic fislc!

to restrict the particle notion and ohmic, neutral beams or radio-

frequency heating or combinations thereof to heat the plasma. The plasma

densities aimed for in magnetic confinement devices are % 10.14

cm"3 and the confinement time required to realize a Q of 2 is

therefore ^ 1 s. The current status of magnetic confinement fusion is

reviewed in Section 4 of this report.

In inertia! confinement fusion the plasma confinement dees not

result from externally supplied constraining forces but rather from the

dynamical behaviour of a body undergoing implosion. The inertial

confinement fusion of large systems, namely thermonuclear wtapons, was

successfully demonstrated in the early 1950's. For application to

electric power generation and fusion-fission breeding it is necessary that

the explosive forces be reduced to a level which can be contained within a

raactor vessel. The goal of the inertial confinement fusion approaches

discussed in Sections 5 and 6 of this report is to demonstrate that laser

beams or 1on beams can be used to implode DT filled pellets of £ 1 cm

diameter 1n a manner which results 1n efficient fusion burn of the

fuel. The forces which drive the Implosion result from the rapid ablation

of material from the outer wall of the pellet. The implosion should be

tailored so as to adiabatically compress the DT fuel to densities of

> 1000 times liquid density. As the compression stagnates a central

portion of the fuel must be shock heated to fusion temperature. Reaction
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products from the fusion of this central core heat the surrounding

material and a burn wave propagates outward through the surrounding

compressed fuel. The confinement tirv is that brief period during which

inward motion ceases and before the pellet disassembles due to thermal

expansion of the hot plasma. In present experiments this time is measured

in tens of picoseconds.

An approximate expression for the fractional burn • of the DT

fuel is

pr + 6

where P is the density in g and r the radius of the compressed fuel in cm.

A reaction Q of 1 requires a pr of ^ 1 when measured in units of

g/cm2.

Initially the effort on beam driven inertial confinement fusion

was concentrated entirely on lasers. The status of laser driven ICF is

given in Section 5. More recently the program has broadened to include

studies of various charged particle beams, electrons, light ions, and

heavy ions, and these are reviewed in Section 6.

3.3 ENGINEERING PROBLEMS OF FUSION

The theoretical, experimental, and engineering effort which has

been devoted to fusion over the past thirty years has concentrated on the

design and construction of a succession of experimental devices in a
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continuing search for a configuration which will demonstrate operation at

net fusion in-jrgy sain on a transient basis. Seven major areas which

impact directly on the economic and operational viability of a fusion

power reactor but are of lesser importance in this experimental phase are

a) the operating efficiency of system components of which major

examples are the requirement for superconducting coils in magnetic

fusion power reactors, and for lasers with efficiencies of K 10% in

LICF.

b) the incorporation of a Li breeding blanket in the fusion power

reactor in order to provide the T component of the fuel required

for its operation.

c) the problem of heat removal from the first wall, blanket, and

shield of a power reactor.

d) the operational lifetime of reactor materials and components. The

first wall must tolerate radiation conditions more extreme than any

handled heretofore. The pulsed power components used in ICF must

achieve a lifetime and reliability orders of magnitude better than

those presently available.

e) satisfactory control of the principal operational hazards posed by

fusion reactors. Hazards will be present in the form of a large

inventory of radioactive tritium and enormous stored (chemical)

energy in liquid Li if this is adopted as the coolant and breeding

medium.
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f) the provision of facilities allowing remote maintenance of the

fusion reactor, a requirement imposed by neutron induced

radioactivities and the tritium fuel.

g) the attainment of general overall reliability and simplicity of

operation of a system composed of many high-technology components.

Engineering programs have been established to tackle some of

these problems. In particular the U.S. has a Large Coil Program under

which large-diameter high-field-strength superconducting coils are being

designed and fabricated in a number of collaborating countries and will be

tested in a major facility being constructed for this purpose at Oak Ridge

National Laboratory. Similarly the U.S. has established a Tritium Systems

Test Assembly at the Los Alamos National Laboratory to investigate the

problems of handling, recovery, and purification involved in reactor

operation. An accelerator based high flux 14 MeV neutron source, FMIT, is

being designed to permit materials testing at fluences characteristic of

those at the first wall of a fusion reactor. Some tritium breeding

blanket experiments are planned for the TFTR facility, the first tokamak

to be fueled with OT fuel, in the mid 1980's. The origin and nature of

the materials problems facing first wall design are discussed in Section 7

and the various approaches to tritium fuel breeding are summarized in

Section 8.
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3.4 FUSION-FISSION HYBRID SYSTEMS - FISSILE FUEL BREEDING

Each DT fusion reaction yields a 3.5 MeV alpha particle

(4He) and a 14.1 MeV neutron. The term 'fusion power source1 denotes

systems which seek simply to harness the 17.6 MeV of kinetic energy

carried by these reaction products and use i t to generate e lec t r ic i ty .

Fusion-fission hybrid systems, on the other hand, seek not only to harness

this 17.6 MeV of fusion energy but to generate additional energy from each

fusion event by using the neutron to in i t ia te a fission reactor or a

chain of such reaction, each of which releases * 200 MeV of energy.

Fusion-fission hybrids designed with high energy multiplication burn the

f i ss i l e fuel produced in this breeding blanket in situ and operate as

stand-alone power sources. They can be viewed as subcritical reactor

assemblies driven by a fusion neutron source. Alternatively, fusion-

fission hybrids can be designed with low blanket gain and operated so as

to produce f i ss i l e fuel for use in conventional reactors. The term

"fusion-fission symbiosis" is sometimes used to denote a system made up of

such a hybrid f i ss i l e fuel breeder and the conventional fission reactors

which i ts output supports. The present study is primarily concerned with

systems of this type, the fusion-fission breeder supplying the make-up

fuel requirements for CANDU reactors operating on the thorium cycle.

The conversion of f e r t i l e material (238u, 232-[-n) to

f i ss i l e material (239Pu, 233U) in a fuel breeder takes place

through neutron capture. The specific reactions to be considered are
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^ 2 3 3 ,

In addition to breeding fissile fuel it is necessary to provide the

tritium component of the fuel required to sustain the DT fusion reaction.

This tritium is produced by the reactions

n + 6 U + T + 4He + 4.8 MeV

n + 7Li -* T + 4He + n' - 2 6 MeV

The high initial kinetic energy of the DT fusion neutron leads tc .ie*,v i.

multiplication through (n,2n) and (n,3n) reactions in the fertile and

structural materials in the blanket and in multiplier materials such as Pb

and Be which may be included in the blanket design for this purpose,

finally, neutron induced fission in the blanket enhances the energy output

of the breeder itself. The ratio of the total energy deposited in the

blanket by neutron scattering processes and neutron induced nuclear

reactions to the initial kinetic energy of the fusion neutron (14.1 MeV

per neutron for DT) Is called the blanket energy multiplication factor.

Breeding blanket performance is considered in Section 9 and

fusion-fission breeder economics are reviewed in Section 10. The allowed

capital cost for the fusion-fission breeder facility is deduced from the

difference between the estimated production and processing cost of make-up
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fuel for CANOU reactors (operating on the Th cycle) from this source with

the cost of the equivalent enriched 235j fissile fuel evaluated on

the basis of $48/g. These allowed capital costs are compared with capital

cost estimates of fusion-fission breeder systems taken from American

design studies.
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4. MAGNETIC CONFINEMENT

[G.E. Lee-Mhiting, C.R. Hoffnann, F.C. Khanna, M.R. Shubaly,
X.S. Towner and K.B. Winterbon]

4.1 INTRODUCTION

Magnetic-confinement devices may be classified into two gen-

eral categories: linear systems in which the magnetic lines of force escape

at each end, and toroidal machines in which the confining lines of force

close within the plasma. We discuss the representative of each category

which is most highly developed toward use as a reactor. For linear devices

we give in Sec. 4.2 a brief account of the development of mirrors leading up

to a discussion of the tandem mirror. Toroidal devices are represented by

the tokamak, discussed in Sec. 4.3. Because the tokaraak is more highly

developed than any other fusion device, the discussion is somewhat more

extensive. A brief mention of some recent work with a closely allied device,

the stellarator, is appended to the section on the tokamak. Other devices

which might be considered to have potential for future development, but which

we consider to be much less advanced than the tandem mirror and tokamak, are

given brief notice in Sec. 4.4. Methods of heating magnetically confined

plasmas to the temperatures needed for thermonuclear reaction are discussed

in Sec. 4.5. Conclusions are drawn in Sec. 4.6.

In any device using magnetic confinement the kinetic pressure

of the plasma is balanced by the effective pressure of the magnetic field.

It is convenient to have a measure of the effectiveness of a particular

device in using its magnetic field to provide confinement. For this purpose
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It Is customary to use the symbol g for the ratio of suitable average of the

two pressures already mentioned. Thus

0 " <P>/(j P Q V )

^ n ^ + I^/fp'V) (1)

here n is plasma (either electron or ion) density, Te and T^ are electron

and ion temperatures (expressed as energies), B is the magnetic flux density

produced by the complete system, and y0 *
s tfle permeability of free space in

SI units. The higher the value of & permitted in a device, the better are

its prospects for economic use in a reactor. It is commonly stated that £

would have to exceed 0.01 for a design to be economical. Though 0 (properly

defined) greater than unity is inconsistent with equilibrium, values much

greater than 0.01 are possible. The practicable upper limit on & depends on

the particular device under consideration; in the aoat favourable eases it

can exceed 0.5.

A plasma Is in equilibrium if It it In a steady state (micro-

scopically) with all forces acting on It in balance. Tht •quillbriua is

stable if the plasma tends to return to the original state after being sub-

jected to an arbitrary small perturbation. The simplest model useful in

studying equilibrium and stability is the nagnetohydrodynamic (MHD) model, in

which the plasma is treated as a continuous, perfectly conducting fluid.

This model Is used, at least initially, for the assessment of the equilibrium

and stability properties of a potential confining device. More exact methods

require the study of the plasma distribution function in phase space.
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4.2 MIRROR FUSION DEVICES

4.2.1 Simple Mirrors

A simple mirror device may be viewed as an axlally symmetric

magnetic field configuration chosen so that the field strength Is much larger

at the ends than at the centre. The ratio of the maxlnum to central field

strengths is denoted by R, the mirror ratio. The plasma is injected into the

system in the region of low magnetic field. The basic idea is that the large

field at the end will reflect the particles trying to escape along the lines

of force. However, those particles with a velocity direction too close to

the line of force, said to lie in the mirror loss cone, do escape. The

plasma is confined in the transverse direction because the plasma is unable

to move easily across the lines of force.

Compared to tokamaks, mirror devices present several distinct

advantages1:

i steady-state operation;

ii high-3 operation;

ill low energy deposition on the walls (the leakage of Ions is predominantly
through the ends);

iv good access to the components;

v possibility of systems with snail fusion power yield (because achieve-
ment of satisfactory containment does not require large dimensions,
systems with small fusion-power yield could be used if desired).

Such a system would be very attractive if stability of the

plasma could be achieved. However, early experiments indicated that the

plasma is unstable, even in the MRD approximation, and cannot be confined for

a long enough time to raise the ion temperature to a level where fusion reac-

tions may start.
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4.2.2 Minimum-B Mirrors

Several different magnetic configurations have been invented

and realized for MHD stabilizing the plasma in mirror devices. Ioffe sug-

gested that mirror plasma could be stabilized by the application of current-

carrying rods. This idea led to the development of baseball-seam coils

(called tennis-ball seam coils in the U.K.) which have the property that the

magnetic-field strength increases in all directions from a minimum at the

centre. Further refinements2 of these ideas led to Yin-Yang coils that have

a deeper magnetic well and can provide a higher mirror ratio, R, with less

power; the mirror ratio can be varied by changing the distance between

colls. The main advantage of these minimum-B configurations is the attain-

ment of an MHD-stable plasma.

Unfortunately the MHD-stabilized mirror system still suffers

fro« three serious drawbacks^>:

1 end losses (loss cone);

ii instabilities dependent on velocity-space distribution;

ill short confinement time.

It is useful to discuss the first two problems in tome detail. The problem cf

short conflnenent time Is a consequence of both the end-loss cone and the

instabilities in the plasma.

4.2.2.1 End Losses Or Loss Cone

With the simple configuration of the mirror system, the high

velocity tail of the Maxwellian distribution of ions and electrons can pene-

trate further Into the high magnetic field of the end coils. All particles

with a velocity greater than some critical value are able to escape from the

mirror because the magnetic field is not strong enough to confine them.
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Furthermore, all those particles are lost which lie within a cone in velocity

space (the "loss cone"3), defined by vj_/vj| <. tan8, with tan8 = (R-l)"1/2;

the velocity of the particle at midplane has components vj_ and v«, respec-

tively perpendicular and parallel to the axis of the mirror system. Because

the particles lost from the loss cone are constantly being replaced as a

result of collisions, there is a continuous flow of particles through the

ends of the system.

For the same temperature the electrons have larger velocity,

and can escape the confining magnetic field more rapidly than the ions. This

leads to a plasma potential, or ambipolar potential, that Is positive almost

everywhere. The ambipolar potential helps to confine the electrons but pulls

the ions towards the high magnetic field ends. The net result of the ambipo-

lar potential and of the collisions Is that more Ions are lost from the

plasma through the loss cone.

4.2.2.2 Instabilities

The Ion distribution is not Maxwellian due to the presence of

the ion loss rone. Under suitable conditions the loss-cone problem may be

turned into a loss-cons Instability3. A necessary condition for such an

instability is Wpe
? >_ n2ioci

2, where <0pe and u^i are the electron-

plasma frequency and the ion-cyclotron frequency, respectively. The above

condition applies for the nth harmonic of <oci. If the condition is satis-

fled for n <_ m, there will be a series of possibly unstable harmonics at

n " l,2-««m. Several other instabilities have been considered in the litera-

ture, but it appears that most of them can be suppressed by a Judicious

choice of working conditions for the plasma.
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In early experiments with minimum-]} mirror systems it was

realised that the presence of end losses would not permit a long confinement

time, with the further implication that the net energy production couJ.d not be

very large. However,the presence of the loss cone suggests a natural method

for direct conversion of the ion energy to electricity by using electrostatic

separation of the charges. But despite the large efficiency in converting

the plasma energy to electricity, it is found that the net gain of energy

(denoted by Q) is small. Typically it is believed that 1 <. Q <. 2. This

implies a limited future for the mirror devices as fusion energy systems

unless confinement time can be improved so that Q is increased drastically.

Recently,interest in mirrors has been revived by the sugges-

tion4 of several mechanisms for reducing end losses:

i potential barrier plugging or tandem mirrors;

ii field reversed mirrors (see Sec. 4.4);

iii multiple mirror systems;

iv R.F. electron plugs.

The first possibility, tandem mirrors, appears most promising to Livermore

and has been adopted there and by a few other laboratories around the world.

The second possibility, field reversed mirrors, is not being followed as vig-

orously though some work in this direction is being carried out. The other

two possibilities have received progressively less attention. Only the first

possibility will be discussed here.

4.2.3 Tandem Mirror System

The presence of an emblpolar potential that tends to confine

the electrons and to deconfine the ions (some of which are lost by the end-

lost process) hai been a serious problem for mirror devices. The basic idea
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of the tandem mirror system5" is to utilise the large positive ambipolar

potential generated in a mirror as an electrostatic plug for confining ions

in a long solenoid. The basic components of the tandem mirror system then

are two end cells or plugs and a central cell or solenoid.

4.2.3.1 End Cells Or Plugs

Each end cell is a minimum-B Mirror with a magnetic field con-

figuration such that the field is larger at the ends than at the centre.

Soa-e plasma at low temperature is produced in or introduced into the end

cells. The plasma is heated by neutral beams (in advanced systems partial

heating may be provided by electron cyclotron resonance heating). In differ-

ent proposals the deuterium atoms in the neutral beam have energies ranging

from 200 keV to 2 MeV; there is no consensus yet about the optimum energy.

In the end cells the rapid motion of the electrons relative to

the ions (deuterium; there is very little tritium in the end cells) produces

a high ambipolar potential that acts as an electrostatic plug for the central

cell (see Fig. 4.1). There are two different suggestions as to how the high

ambipolar potential In the end cells may be initiated and maintained.

a) The first suggestion5 is to use a plasma density 'VLO-lOO times that of

the central cell with the electron temperature comparable to that in the

central cell. This implies that a large volume of plasma is kept at

high temperature but does not produce much fusion energy.

b) The second suggestion is to keep the density in the end cell comparable

to that in the central cell but to raise the electron temperature to

about 2-5 times that of the central cell. This may be achieved by

auxiliary heating of the electrons in the plug.

The second suggestion is being pursued experimentally. There

are some refinements of this idea that will be mentioned later.



THERMAL
I BARRIER

CENTRAL CELL
THERMAL
BARRIER

FIG.
WITHOUT THERMAL BARRIERS
WITH THERMAL BARRIERS

The distribution of the magnetic field, ambipolar potential and plasma density are shown for the case of
a tandem mirror with and without thermal barrier. A local minimum in the ambipolar potential in the
region of the thermal barrier is introduced to restrict the free transport of electrons. This gives a
qualitative picture of thf dynamical features in the tandem mirror system. (This figure is adapted from
Livermore report UCAK-10042-P0, the national mirror fusion program plan).
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At the inner end of each plug, i.e. the end connected to the

solenoid, particles in the loss cone (of the plug) are injected into the cen-

tral cell as desired. But there still remains a net loss of particles and of

energy from the other end of the plug. These particles may go into an auxil-

iary mirror device7 that provides a high potential barrier for the ions,

improving their confinement time in the end cell. The presence of such plugs

beyond the end cells is essential, because high potential barriers for the

ions in the central cell (provided by the end cells) implies a very poor con-

finement time for the ions in the end cell. Consequently, in practice there

has to be a succession of plugs so that the energy confinement time is long

enough to feed the central cell with enough energy to drive the fusion

reaction.

4.2.3.2 The Central Cell

The central cell is a solenoid with a uniform magnetic field

that is much smaller than that in the end cells. The magnetic lines of force

flow through the solenoid from one plug into the other and provide radial

confinement for the ions. The two end cells provide a high potential barrier

for the ions; i.e. the ions in the central cell sit in a potential well and

are confined axially. The electrons pass freely from the central cell into

the end cells; they are confined by the strong magnetic fields at the extreme

outer ends of the end cells.

Tritium gas or a mixture of tritium and deuterium gas is fed

into the central cell. The passage of electrons through the gas ionizes it.

The streaming particles from the inner end-loss cone from each end cell bring

more energy into the solenoid. The temperature of the plasma increases and
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the ions are confined by the potential barrier. In practice the ion tempera-

ture and the ion density are lower than those in the end cell, but the ion

temperature increases sufficiently to drive fusion reactions in the central

cell.

4.2.3.3 Thermal Barrier

As mentioned earlier the electrons are confined end-to-end.

The collisions between electrons are sufficient to allow only a small elec-

tron temperature difference between the plug and the central cell. The only

way to maintain a sizeable electron temperature difference between the plug

and the central cell is to introduce a barrier that will inhibit the free

flow of electrons (see Fig. 4.1). At this time there are two distinct sug-

gestions for introducing such a thermal barrier.

a) The first suggestion6 involves introducing a local minimum in the ambipo-

lar potential that will act as a barrier for the electrons and will inhi-

bit their free transport. There may be problems from the accumulation of

ions in this well. It is contemplated that periodically the ions will

have to be pumped out. Experimental implementation of this scheme has

not been achieved yet.

b) The second suggestion9 involves a judicious choice of a magnetic field

configuration; for example, the barrier cell and the plug may have ellip-

tic Instead of circular cross section. It Is believed that such a bar-

rier cell will not only provide a thermal barrier between the plug and

the central cell but will also help stop the accumulation of ions in the

barrier region. The full implications of the integration of this sugges-

tion with the tandem mirror concept are not yet known.

The first suggestion Is being pursued experimentally at

Livermore.
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A.2.3.4 Impurities

The problem of heavy ion impurities does not appear to be very

important in the mirror systems'*. The high energy crparticles produced in

the DT reactions will pass through the thermal barrier and through the

plug. Direct conversion techniques may be used to extract energy from the

emerging ions with an efficiency of ^60%. But low energy impurities will

tend, as in other magnetic-confinement devices, to become trapped; methods of

removing these ions from the main solenoid have not been worked out. It is

believed that small amounts of heavy impurities -.'ill not be as serious as in

tokamak systems.

1 0

It is suggested that an axial injection of neutral beams may

lead to the charge exchange reaction He"1"1" + D + He+ + D+. The singly charged

helium ion can then escape over the potential barrier.

4.2.3.5 Instabilities

It is believed that the physics of a hot, anisotropic plasma

confined in a mirror field is well understood1*. This implies that the mini-

mum-B configurations in the mirrors are chosen such that the plasma is stable

over a reasonably wide range of parameters. The plasma in a large cylindri-

cal solenoid with large magnetic fields is also stable. What is uncertain is

the effect of thermal barriers on the distribution of magnetic field.

Detailed analyses need to be carried out to ascertain the magnetohydrodynamic

stability of the system.
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4.2.3.6 Experiments

Four tandem mirror experiments'* are planned to prove the prin-

ciple of creating a potential well for the ions in the central cell. The

experiments will be able to provide physics information about the stability

of the plasma and about the energy transport from the plugs to the central

cell. Table 4.1 gives the characteristics together with the expected parame-

ters for the four experiments. It is expected that in tl ise experiments nx
in q

in the central cell may reach a value of % 3 x 10 s«cm , which is smaller

than the tetwson criterion for energy break-even by about two orders of

magnitude.

Some preliminary results have already been obtained. Recent

experiments8 with the Tandem Mirror Experiment (TMX) at Livermore suggest

that the idea of electrostatic plugging of the central cell does work. The

plasma has been sustained in the TMX by neutral-beam heating and gas

fueling. A central-cell temperature of about 250 eV has been achieved. The

confinement time has Increased by a factor of 9 over that of a single mlni-

mum-B mirror system. This is a good indication that an electrostatic poten-

tial well has been established. Similar results have been obtained by Yatsu

et al.6 with the GAMMA6 tandem mirror experiment in Japan.

4.2.4 Reactor Design

A pure fusion reactor that produces net electrical power

would require Q to be at least of the order of 5-10. It appears that with

present technology Q in a tandem mirror system could reach values in the

range 10-50 . There have been suggestions that with further elaboration of

the magnetic field topology in the end region much higher gains (Q ̂ 100) may
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be possible. Of course these concepts have not been explored in detail to

learn their limitations.

The requirements on Q may be lass stringent for a fusion-fis-

sion hybrid. In such a system the central cell would be surrounded by a

blanket of fertile material with appropriate shielding. The superconducting

coils to produce the axial magnetic field would be located cutside the

shielding. A variety of blankets have been studied. As an example we consi-

der a Th blanket with He cooling. (Enough tritium is produced to keep the

reactor going. The system produces enough power to meet all electrical

demands of the system including the neutral beam injector.) Table 4.2 gives

the parameters of a tandem mirror system that will yield a gross thermal

power (using a Th/He blanket with an energy multiplication factor of ^5) out-

put of ̂ 4000 MH (net electrical output of 900 MW) and a fissile fuel yield of

<3 Mg/a. The direct cost for a system of this type, given in Table 4.2,

Q

converts to $2.7 x 10 (1981). Cost is a very slowly varying

function of the fissile fuel yield, i.e. for a system that produces fissile

fuel at the rate of ^1 Mg/a the cost may be lower by only a factor of 2.
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TABLE 4.1 Characteristics of planned tandem mirror experiments

Bp(T)

R
P

Lp(m)

Bp

p. (1013cm~3)
P

nT (cm *s)
P

Te(keV)

* (kV)

Bc(T)

Lc(m)

I^keV)

»(kV)

nc(10
13cm~3)

-3

TMX
(LLL)

1.0

2

0.9

0.5

5

3 x 1011

0.2

1.1

0.05

5.5

0.54

0.08

0.29

1.2

3 x 1011

AMBAL2
(RUSSIA)

3.0

2

0.75

0.13

2.5

6 x 1011

1.5

7 - 9.5

0.25

2.3

0.16

1.0

1.7

1

3 x 10 1 2

PHAEDRUS
(WISCONSIN)

0.38

1.9

0.9

0.15

0.23

0.04

0.23

0.023

2

0.012

0.045

0.3

3 x 10 1 0

GAMMA6
(JAPAN)

1.1

2.4

0.1

0.1 - 5

0.17

2

1011

Subscripts p and c refer to the plug and the central cell respectively. The
symbols B, L, n, T and 4 are respectively magnetic field strength, length,
density, temperature and the ambipolar potential.
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TABLE 4.2 Approximate parameters for a 4000 MW(th) hybrid fusion-fission
reactor system1

Central Cell

r
plasma Q

length

radius

B

electron density

a
p

ion temperature

Neutral beam energy

Injected neutral beam power

Fusion power

Power generated in blanket

Efficiency of producing neutral beams

Total fissile material (233U) production

Total cost

2.0

35 m

2.0 m

2 T

^5 x 1013cm~3

^10 keV

^200 keV

400 MW

800 MW

3400 MW(th)

^60%

^3 Mg/a

"-2 x 109 S fu.s. 19801
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4.3 I0U1MKS

The enormous scientific literature related to tokamaks has

already been surveyed and digested in numerous works at various levels.

These range from fully detailed reviews*2-14f through general descrip-

tions 15-17 to semi-popular articles^,19; the status and objectives of

work in the United States is summarized in numerous reports, e.g. 20,21. The

existence of such a wealth of descriptive material, most of it written by

experts in the field, makes it pointless for us to attempt to write a

detailed description of tokamaks. Instead we give a very brief outline of

the fundamental ideas involved, followed by a discussion of phenomena which

limit the operation of a tokamak. A discussion of some of the effects of the

neutral beams used to heat plasmas leads into a classification of the ways in

which injected neutral beams can be used to induce fusion. Next we discuss

recent published experiments on raising the plasma temperature and on maximi-

zing the product ni. Then we examine problems which would be encountered in

attempting to build a fusion reactor around a tokamak and discuss some pub-

lished designs.

4.3.1 The Tokamak Concept

The toroidal vacuum chamber shown in the sketch (Fig. 4.2)

results from rotating a circle about a straight line (the generating axis) at

a distance R from its centre. Wound around this torus are many coils genera-

ting a toroidal magnetic field as indicated in Fig. 4.2b; these coils would

be more numerous and closer together in a real device, to produce a more

uniform field. When the switch is closed, the generator (sometimes a bank of
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a> Vertical Section

TOROIDAL FIELD I
INDUCED CURRENT

b) Horizontal Section

FIG. 4.2: SKETCH OF A BASIC TOKAHAK
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capacitors) causes an increasing current to flow through the transformer pri-

mary coil. The resulting increasing magnetic flux in the yoke induces an

electric field parallel to the toroidal magnetic field. Either this electric

field ionizes the low-pressure gas in the vacuum chamber or some seed plasma

is provided. Very soon a toroidal region inside the vacuum chamber is filled

with plasma in which a strong and Increasing toroidal current flows; this

current may be considered as the secondary winding of the transformer. In

Fig. 4.2, and in most experimental tokamaks, the plasma boundary is fixed

by a diaphragm called the limiter; other possibilities will be discussed at

the end of this sub-section. The plasma density is observed to have a rather

flat maximum near the centre of the torus, and to fall off rapidly towards

the boundary.

The magnetic field generated by the current flowing in the

plasma is predominantly in the "pololdal" direction - i.e. its lines of force

are approximately circles (lying in planes passing through the generating

axis) which encircle the toroidal axis. Though this pololdal field must

always be snaller than the toroidal field, It is not negligibly small and it

plays an important role in the functioning of a tokamak. The lines of force

of the resultant field aay be described as helices lying on nested tori. The

twisting of the lines of force has highly beneficial consequences for plasma

stability. Later we shall discuss the equilibrium and stability of the sys-

tem froa an MHD point of view, in which the plasma is treated as a conducting

fluid. Here we look briefly at the notions of individual charged particles,

which, because of their thermal energy, move in helices about the magnetic

lines of force. The toroidal field strength necessarily falls off with

increasing distance from the generating axis. This inhomogenelty in the
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magnetic field tends to Induce vertical drifts (of opposite sign for parti-

cles of opposite charge) In the helical motions. If this charge separation

were allowed to occur, It would generate a vertical electric field which

would then cause the circulating particles of both signs to drift horizon-

tally outward. Thus an equilibrium configuration could not exist in a purely

toroidal field. The twisting of the lines of force resulting from the pres-

ence of the poloidal field of the induced current means that on the average a

particle is drifting toward the horizontal plane of symmetry as often as it

is drifting away from it. Thus the electric field which would cause the out-

ward drift is effectively shorted out in a tokamak. However, this mechanism

is insufficient In itself to ensure equilibrium; we shall see later that it

is necessary to apply an external magnetic field. There are also stabilizing

features arising from the fact that the degree of twisting of the lines of

force increases (shear) as one moves from the centre of the plasma cross sec-

tion towards its edge. Though these desirable effects result from the pres-

ence of the toroidal current in the plasma, the magnitude of this current is

Itself limited, as we shall see later, by stability considerations.

A second useful effect of the induced current is to heat the

plasma. Unfortunately two factors conspire to prevent the plasma temperature

from reaching a value consistent with copious thermonuclear reactions. One

is the stability limit on the total current already mentioned. The other is

the fact that the resistivity of a plasma falls off rapidly as Its tempera-

ture increases; thus the heating effect of the induced current eventually

decreases as the pulse proceeds. The decrease of plasma resistivity with

temperature does have one desirable effect. The electric-field strength

needed to maintain the plasma current in a hot plasma is very small;
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a relatively s-jiall Increase in the flux In the transformer core will permit

the pulse to last for hundreds of seconds.

As mentioned earlier, the outer boundary of the plasma toroid

Is usually formed by a diaphragm called the limiter. It is important that

the limiter be composed of high-meltlng-polnt material not too rapidly eroded

by ionic bombardment; this subject is discussed in detail in Sec. 7. Contact

between the plasma and the limiter (or any other material surface) also has a

deleterious effect on the plasma itself. Ions of the surface material which

get into the plasma radiate more copiously than ions of deuterium or tritium,

making it more difficult to reach or maintain the desired temperature. To

minimize this effect the limiter should be made of material of lci atomic

number. In earlier tokamaks the limiter was often composed of molybdenum or

tungsten; the Improved performance recently obtained with PLT (discussed

later) was at least partly the result17 of the use of a carbon limiter.

Provision must be made for removing reaction products and

other impurities from the plasma. It might be possible to do this solely by

pumping out the vacuum vessel after each pulse, but many designers believe a

divertor will be necessary. A divertor is a device in which some of the

lines of force lying near the surface of the plasma are diverted into a

region in which the ions which follow these lines of force can be scraped off

safely. Because impurities diffusing into the plasma from the outside are

more likely to be found near its surface, such ions are preferentially

removed. A number of different kinds of divertor have been proposed. Some

experimental tests have been made, and others are planned for forthcoming

tokamaks.



37

Fuel injection seems to be considered much less difficult thun

the removal of impurities and debris. Because of the strong magnetic field,

beams of Ions cannot be used. Puffs of gas and ballistically injected solid

particles have been considered. When neutral beams are used to heat the

plasma, they may also carry in much (or perhaps all) of the required fuel -

see Sec. 4.2.5 and 4.5.

Problems associated with heat removal are very similar for all

magnetic-confinement devices. With the DT reaction the bulk of the fusion

energy is carried by the neutrons well into the blanket or shield. In a

hybrid the neutron kinetic energy is mainly converted into fission energy.

The removal of the latter, which usually greatly exceeds the neutron energy,

poses a serious thermalhydraulic problem to the designers of the blanket, but

has little direct Impact on the tokamak. The part of the fusion energy car-

ried by the alpha particles, together with the energy injected to heat the

plasma, must be carried away from the first wall; this is a problem which

must be handled by the designer of the limiter or divertor.

4.3.2 Equilibrium

In discussing equilibrium and stability in tokamaks we rely

heavily on the book by Bateaan22.

Because the magnetic field in a tokamak falls off with dis-

tance from the generating axis, there is a net outward magnetic force tending

to cause the major radius of the toroid to increase. This force supplements

the expansive effect of plasma pressure. Under some circumstances22 the

interaction of the poloidal current with the toroidal field can also produce

a net outward force. To balance the sum of these three outward forces it is
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necessary to provide a "vertical" magnetic field to interact with the (toroi-

dal) current In the plasma and produce a suitable Inward force. Here "verti-

cal" means that at points in the "horizontal" plane of symmetry shown In

Fig. 4.2b the magnetic-field vector is perpendicular to that plane. The lines

of force of the "vertical" field lie in vertical planes passing through the

generating axis of the toroid. In some recent tokamaks this balancing field

is generated by pairs of coils concentric with the generating axis and symme-

trically situated above and below the plane of symmetry; the coil currents

are controlled by a feedback system responsive to measurements of the magne-

tic field of the toroidal current in the tokamak.

The system of responsive coils can provide a force adequate to

balance the expansive forces on the average* However, a detailed balance at

all points around the minor cross section of the plasma toroid is possible

only if the parameter gp, defined analogously to g of Sec. 4.1, by

0p - <n(Te + Tl)>/(i p"
1 Bp

2) (2)

is less than some critical value. In (2). Bp is the poloidal field genera-

ted by the induced current in the plasma evaluated at the plasma surface*

The maximum value of Bp Is often calculated in a simplified theory in which

the plasma minor cross section is assumed to be circular and series expan-

sions in powers of a/R are used. Then it is found that g_ <_ R/a. We shall

use this upper bound In our preliminary work; later we shall discuss the more

general case in which complicated numerical calculation* arc required, but

large values of &p are found to be possible.
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4.3.3 Stability

In discussing the stability of the equilibrium we first consi-

der a displacement of the plasma toroid in the vertical direction. The "ver-

tical" magnetic field provides a restoring force if its lines of force are

curved so that they turn inward (i.e. toward the generating axis) as one

moves out of the horizontal plane of symmetry. This is equivalent to making

the magnetic-field strength a decreasing function of radius in the plane of

symmetry. There is also a horizontal stability condition governing increase

or decrease of the major radius - see page 85 of ref. 22; very roughly this

condition says that the field strength should not fall off too rapidly with

radius in the plane of symmetry.

Next we consider stability against deformations of the shape

of the plasma toroid. The tendency of the plasma toroid to deform itself

into a shape somewhat resembling a string of sausages can be countered by a

relatively weak magnetic field. Unfortunately even with a toroidal magnetic

field another instability - the "kink" instability - can be troublesome. In

this case the plasma toroid is displaced roughly rigidly as its major axis is

distorted into a helix on a torus. The plasma is eventually thrown against

the wall. This instability can be avoided if the safety factor

a Bt

P

is sufficiently large; here R and a are the major and minor radii of the

plasma torus (Jig. 4.1), Bt is the toroidal magnetic field and Bp is the

pololdal field generated by the tokamak current at the surface of the plasma.
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Stability against kinking is ensured if q > 1; to avoid certain other diffi-

culties it has often been assumed to be desirable to demand that q be con-

siderably greater than 1. The reactor designs that we discuss later all have

q in the range 2.5 to 3.0. However, recent experimental work has shown that

a tokamak can run satisfactorily at values of q less than 2. Stable perfor-

mance with Alcator has been obtained25 down to q - 1.9. The Soviet tokamak

T-10 has been operated28 with a satisfactorily long pulse por 1.8 <. q <_ 2.1.

Fixing the value of q means that even using the maximum prac-

ticable values of the toroidal field Bt and the ratio a/R, we are limiting

the value of Bp. This in turn places an upper limit on the (toroidal) cur-

rent in the plasma. It is this limit which prevents us from using ohnic

heating to reach fusion temperatures.

In addition to the "sausage" and "kink" instabilities at least

three more large-scale instabilities have been observed2 - the disruptive

instability, Mirnov oscillations and sawtooth oscillations. It is not clear

that the three latter phenomena can be understood within the assumptions of

MHD. Only the disruptive instability will be discussed here, because avoid-

ing it constrains the design of the tokamak. The disruptive instability is

an abrupt and unpredictable expansion of the plasma accompanied by a large

negative voltage spike in the transformer. The plasma discharge can survive

repeated minor disruptions, but it can be terminated by a major disruption.

Helical distortions of the plasma are observed to build up before each dis-

ruption, but not all such build-ups lead to disruption. Although it has been

said2 that the disruptive instability is the most dangerous and enigmatic

instability observed in tokamaks, procedures are known to avoid it. One way

is to choose the tokamak parameters with this end in mind. An island of
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stability is known to exist in the plane in which toroidal current is plotted

against plasma density - see Fig. 7 of ref. 20 reproduced as Fig. 1.4 in

ref. 22. However, economic considerations will press one to use the largest

possible values of current and density. Alternatively, disruptions may be

avoided by using a system of active control; it has been reported that even

at high densities the tokamak ASDEX with active position control has suffered

no major disruptions.

Avoidance of the disruptive instability leads, as we have lust

seen, to an effective upper bound on the usable range of plasma densities.

Another upper bound, which can be even more restrictive, results from the

bound on f}_ associated with the existence of equilibrium configurations.

Recall the expression for B given in Sec. 4.1 -

3 - <n(Te + Tt)>/(j MQ
1 B2) (1)

Here B is the total magnetic field, given by

2 2 2
B^ - Bt* + Bp (4)

but because Bt » B p
2 normally, one often finds Bt instead of B in

(1). Thus, combining (1) and (2) and making use of (3)

B<.B(£)2/q2 (5)
P K

The largest practicable value of a/R is probably about 1/3. As discussed

earlier in Sec. 4.3.2, the need to ensure MHO equilibrium places constraints
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on the acceptable values of Bp. In general these cannot be obtained in

analytical form. When assumptions are made for analytic simplicity rather

than because of physical necessity, one finds, as has already been pointed

out, that Sp <. R/a. With these two assumptions we may re-write (5) as

6 < j q"2 (6)

If we take q"3, a value assumed in much of the work on reactors, we get

B< 0.037. The smallness of this limit is one of the great deficiencies of

tokamaks of standard design. Indeed, it is often said that 0.02 is just

about at the lower edge of economic attractiveness for eontrolled-fusion pur-

poses21. There is thus great interest in finding ways to work at higher beta

values. One way to do this is to learn to operate tokamaks stably at smaller

values of q, and much experimental work has been aimed in this direction. If

we substitute q • 1.9 - a value validated by work on Aleator and T-10 - into

(6), we find 0 < 0.092, a considerable improvement.

Another way to improve the S-limit is to refuse to make the

analytically convenient assumptions leading to 3p <. R/a. The MHD equili-

brium becomes a question of elaborate numerical calculation. Another type of

instability, the ballooning modes, emerges as the main threat to MHD

stability as f$ increases; these modes tend to make the plasma bulge outward

in regions of large curvature and pressure gradient. Dory avid Feng39 showed

(mathematically) that an equilibrium could be found for 3 - .20 at R/a : 4

and a realistic value of q. Coppi et al.1*0 have noted the appearance of a

second region of stability in a certain parameter space, and have discussed

the possibility of reaching this second region. Other work in this field was
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reported at Innsbruck and Brussels . It is reported that a small

tokamak at Columbia University was operated in the second stable region with

an average B of about 0.1. This is still an active field in which important

developments may be expected.

A related but less extreme idea for improving the limit on B

is to distort the generating boundary of the plasma torus from circular

form. It is found that better results are obtained when the elongation e

(ratio of the vertical to horizontal diameters of the plasma cross section)

is made to approach 2. Various shapes have been tried , including elliptic,

D-shaped and doublet. The best measured beta-value for ISX (discussed In

Sec. 4.3.6) was obtained with a slightly elongated cross section - £ - 1.1.

4.3.4 Particle and Energy Transport

In the discussion of equilibrium and stability so far the

plasma has been treated as a continuous fluid. When we take into account the

fact that the plasma is really composed of particles capable of undergoing

collisions, new kinds of phenomena appear. Both ions and electrons in an MHO

stable system are found to have the ability to diffuse across magnetic lines

of force. Collisions also lead to the transport of particle kinetic energy

from one part of the system to another. One can define a diffusion coefficient

for this transport, which leads to the concept of a confinement tine for

energy. This time, Tg, is the ratio of the thermal energy of a plasma at a

given temperature to the power input needed to maintain it at that

temperature.

Diffusion of a plasma in a strong magnetic field is of a very

different nature from diffusion in a neutral gas. For the "classical" case
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of a uniform magnetic field the coefficient for the diffusion of particles

across the lines of force is essentially the product of a collision rate

times the square of the radius of gyration20. This coefficient is propor-

tional to the temperature and to the particle density and inversely propor-

tional to the square of the magnetic-field strength. The dependence of the

diffusion coefficient on the particle density leads to spatial and temporal

behaviour very different frou those found in more familiar forms of

diffusion.

A further complication results from the necessary non-uniform-

ity of magnetic-field strength in a toroidal device carrying a current. The

field strength oscillates with position as one moves along a "helical" line

of force. These oscillations act as "magnetic mirrors" - see Sec. 4.2 - and

trap some of the charged particles. From the shape of the "projection" of

their orbits on a plane perpendicular to the toroidal direction, the trapped

particles are sometimes called "banana" particles. The effect of the exis-

tence of trapped particles on the diffusion coefficient depends on the col-

lision rate. If collisions are sufficiently infrequent so that a trapped

particle has a good chance of completing a "banana" orbit, then the width of

this orbit replaces the radius of gyration in the expression for the diffu-

sion coefficient mentioned earlier20. The coefficient for this "neo-classi-

cal" diffusion in the "collisionless" regime can be several orders of magni-

tude greater than that for "classical" diffusion; the experimental findings

are summarized in Sec. 4.3.6. This is the regime that would be expected to

prevail in a tokamak reactor. The theory of "neoclassical" transport is

reviewed exhaustively in the article by Hlnton and Hazeltlne.23
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In much of the rarlier work on diffusion in toroidal as well

as other devices the diffusion coefficient was found to be independent of

particle density and to vary inversely as the first instead of the seeond

power of the magnetic-field strength. It appeared to follow a semiempirical

law given by Bohm. Because "Bohm diffusion" could be many orders of magni-

tude larger than "classical diffusion", its confirmation in regimes of inter-

est eould have had disastrous consequences for controlled fusion. Fortun-

ately recent work, in tokamaks at least, no longer appears to follow Bohr's

formula.

So far in our discussion of diffusion we have been considering

theories in which one follows the motion of individual particles between eol-

lisions with other individual particles. It is also possible to get diffu-

sion through the exeitation and subsequent decay of collective motions in the

plasma. Here we have in mind small-scale instabilities beyond the scope of

MHD but whieh can be described in kinetic theory. Because the full range of

possible instabilities in non-linear kinetic theory is not known, the possi-

bility of some effect which would drastically increase diffusion rates cannot

be excluded. There is some evidence that collective effects are responsible

for the unexpectedly large values measured for the diffusion of electron

energy.

4.3.5 Effects on Neutral Beams

The heating of tokamak plasmas is discussed as part of the

more general problem of heating magnetically confined plasmas in Sec. 4.5.

Here we consider other effects of the neutral beams used in the currently

most promising heating technique. These beams can sometimes be used to carry
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the plasma. In addition, fusion energy is produced during the slowing down

of the high-energy ions formed when the neutral atoms enter the plasma. It

is convenient for our later discussion of fusion reactors to introduce

Jassby's1"* classification based on the relative effectiveness of the heating,

fueling and fusion resulting from the neutral beams:

1) The beam-driven thermonuclear reactor (BDTN) in which the temperature of

a Maxwellian bulk plasma is maintained by relatively small injected cur-

rents which contribute little to re-fueling and to direct fusion

reactions.

2) The two-energy-component torus (TCT) in which a near-Maxwellian plasma is

kept 'warm' by a substantial current of injected atoms. Fusion occurs

mainly between energetic Ions resulting from Injection and plasma ions.

The injected beam can provide significant fueling.

3) A third class, of which the counterstreaming-ion torus (CIT) is the most

important example, has fusion occurring primarily between two oppositely

moving ion beams resulting from clockwise and anticlockwise injected neu-

tral beams, which are also responsible for all fueling.

It was initially considered desirable to avoid asymmetry by

injecting the same number of beams in the direction of the plasma current

(co-injection) as in the opposite direction (counter-injection). Now experi-

ment has shown that the plasma stability seems to be Impaired by counter-

injection but improved by co-injection. Also, co-injection assists in driv-

ing the toroidal current in the plasma. There is some hope that this pheno-

menon could be developed into a means of converting the tokamak from a pulsed

to a continuous source of power.
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4.3.6 Some Recent Experimental Results

In recent years research on plasmas In tokamaks has made

spectacular advances in several directions. These advances have led to

renewed and hopeful speculation about the possibility of a tokamak reactor.

The highest values of the product ntg have been reported24 25

for the high-aagnetlc-field tokamak Alcator at M.I.T. At a field strength of

8.7 T a •axlMia value of ntE - 3 x 10
13cm~3*s was achieved25 in a stable

discharge. The electron and ion teaperatures were about equal at 0.9 keV.

Energy confinement was said to be nearly classical; at higher densities ion

thermal conduction was found to dominate the energy confinement.

The highest Ion temperatures so far achieved have been

measured with the Princeton Large Torus (PLT)26,27# when 2.4 MW of neutral

deuterons were used to heat a hydrogen plasma with a central density of

5 x 10 cm , an ion temperature of 6.5 keV was measured (by several

methods). Very recently it has been reported28 that an ion temperature of

7.1 ± .3 keV has been reached in PLT. A most significant feature of these

results is that the ion temperature continues to rise proportionate to the

ratio of beam power to plasma density as the temperature moves into the

regime of infrequent Ion collisions, where trapped particle modes were expec-

ted to enhance the energy transport; these conditions represent a penetration

as deep within the "banana" region as is required for many reactor designs.

The experiments also noted the "surprisingly" optimistic effect that the

anomalous electron transport always observed in tokamak plasmas appears to be

reduced in the hot core region of the plasma when the electron temperature is

increased by neutral injection28.
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Because deuterium has been used In experimental tokamaks

instead of a DT mixture to avoid dealing with radioactive tritium, there are

no real measurements of the gain Q. It is customary to calculate the expec-

ted DT result from the DD observations. On this basis Q - 0.02 has been

"observed"21 with PLT. This Q value is still 50 times below break-even.

However, one should remember that Q increases with the plasma density and

rapidly with the size of the tokamak.

Because much of the physics related to energy loss (and

especially electron transport) in a tokamak plasaa is not completely under-

stood, it is necessary to supplement theory with empirical sealing laws.

With such laws one hopes to make predictions about behaviour in the regime of

a proposed reactor based on a rather remote regime in which experiments have

been carried out. A quantity of particular interest is the energy-confine-

ment time Tg. It is found that TJ; is roughly proportional to plasma

density for many tokamaks (each with its own coefficient of proportional-

ity). Similarly, tg is seen to be proportional to the square of the minor

radius of the plasma torus; this scaling suggests that the Lawson criterion

can always be met, if only the tokamak is large enough.

n p

A preliminary report has now been given on the initial per-

iod of operation of the Poloidal Divertor Experiment (PDX) at Princeton. The

primary objectives of PDX are to determine the effectiveness of poloidal

divertors in controlling impurities in hot plasmas, to provide clean plasmas

for confinement and high-beta studies, and to investigate the effect of the

shape of the plasma cross section on confinement and MHD properties.
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The capture of particles and energy by the dlvertor is in qualitative

agreement with expectation; the divertor absorbs 70% of the input power. A

very clean deuterium plasma has been produced with confinement times

approaching 80 ms at an average electron density of 4 x 10 cm" • While the

product nig = 3 x 10 cm~2-sis still an order of magnitude smaller than

that obtained with Alcator, the scaling factor relating xg to the product

na is about a factor of two larger. Thus PDX makes more efficient use of

its size and magnetic field than Alcator does* We note here that the best

PLT results are comparable to PDX.

The Impurity Studies Experiment (1SX) which began operation at

ORNL in 1978 is intended for the study of high-beta plasmas and for the

appraisal of plasma shaping effects. Various fueling, Impurity-control and

heating experiments are also planned. Recently it has been reported that

with neutral-beam-heated deuterium plasma, volume-average betas as high as

0.03 and peak betas as high as 0.1 have been measured. Despite theoretical

indications of instability to balloonist modes, no catastrophic loss of con-

finement was observed, and beta continued to increase with increasing injec-

ted power. Ion-energy confinement was neoclassical within a factor of 2,

while electron-energy confinement followed the Alcator scaling.

Achieved values of nr, temperature, and 6 are compared with

estimated requirements for break-even on page 11-16 of ref. 21. Each

requirement has been met, but all have not been met in the same experiment.

Based on these results there is considerable confidence that all the require-

ments for break-even (Q"l) will be satisfied simultaneously in the Tokanak

Fusion Test Reactor within the next three to five years21.
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4.3.7 Future Tokamak Experiments

Construction is under way on four large tokaioak experiments.

The Tokamak Fusion Test Reactor (TFTR) is being built at Princeton, New

Jersey. The European Economic Community is building the Joint European Torus

(JET) at Culham in England. The Japanese Tokamak (JT-60) is under construc-

tion in Japan while T-15 is being built in the U.S.S.R. Some pertinent

dimensions and other data for these four devices, taken mainly from

reports6*>6!>,66 oj the meetings of the Technical Committee on Large Tokamak

Experiments, are listed in Table 4.3.

The only one of the four tokamaks under discussion which does

not use copper in its toroidal-field coils is T-15; it uses a superconductor,

m>3Sn. Only in the case of JT-60 does the design Include a magnetic limiter

or divertor. For TFTR, JT-60 and T-15 the plasma toroid is circular in minor

cross section. In JET it is to have considerable elongation in the vertical

direction, and D-shaped cross sections will be possible. There is no neu-

tron production rate for JT-60 in Table 4.3 because no DT experiments are

contemplated with this device; a hydrogen plasma will be used. T-15 will use

hydrogen with a few percent of deuterium. All four devices are to have neu-

tral-beam heating (eventually), and at least the possibility of some rf

heating.

Tprjj37,21 is a major 8caling experiment Intended to demon-

strate energy break-even (i.e. Q • 1); with certain extensions it might reach

Q » 2 or 3. Because of a capability for adiabatic compression the dimensions
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TABLE 4.3. Parameters for large-tokamak experiments and INTOR

Parameter

R

a

b

Bt

q

ft

\

ntE

Neutron
Yield

Pulse
Length

Pulse
Interval

Unit

m

m

m

T

-

X

keV

1013cm-3.8

n/pulse

s

s

TFTR

2.65

0.85

0.85

5.2

3.0

2.5+3.5

5-10

1-10

3.6xl018

0.5+1.5

300

JET

2.96

1.25

2.1

3.5

6

5-8

5-lC

20

10 2 0

10

<600

JT-60

3.0

0.95

0.95

4.5

3.5

4.0

5-10

5-10

none

10

300

T-15

2.4

0.7

0.7

3.5+4.5

-

1.6+3.7

5-10

3-5

small

1.5

INTOR

5.2

1.3

2.1

5.5

2.5

5-6

10

20

-

-
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of the plasma torold are variable ~ the values listed in Table 4.3 are repre-

sentative; the major and minor radii are in the ranges 2 to 3 m and 0.45 to

0.90 in, respectively. TFTR was designed to be heated by neutral beams. Four

beams of 120 keV deuterons of total power 32 MW are to act for at least

0.5 s; there are provisions for two more beams. Construction of TFTR, which

was authorized in 1976, is essentially on schedule. Operation with a hydro-

gen plasma is expected at the end of 1981 , with a deuterium-tritium mixture

by 1984.

Construction on JET was started officially in 1978, though the

design has been unchanged since 1974 . The earliest possible date for first

plasma, with ohmic heating, is the end of 1982. Neutral-beam heating and rf

heating are to be added in stages, leading to possible operation with a DT

plasma in 1986. JET is intended for the study of a reactor-grade plasma,

with particular emphasis on scaling, plasma-wall interactions, heating, and

the contribution of alpha production to heating.

Construction started on JT-60 in 1978 and is expected to be

complete in 1984. One of the major features of this device ia the aagnetlc

limiter, or divertor, which will be used in the study of the control of

impurities. JT-60 is designed to provide high-power long-pulse heating and

the flexibility of wave heating.

The Soviet experiment T-15 apparently replaces the earlier

T-20 design, which was considerably more ambitious in scope. It is expected

to initiate ohmlc-heating discharges in 1984 and to proceed to full power

heating experiments in 198766.
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Assuming that the large-tokMMk experiments succeed In their

objectives, they should be followed by one or more experimental reactors

aimed at establishing technical feasibility, and then by a demonstration

reactor (DEMO) to establish economic feasibility. Because of the years

required to design and build such reactors considerable effort has already

been devoted to the next device. Ore group so engaged is the Workshop for

the International Tokamak Reactor (INTOR) organized by the IAEA with partici-

pants drawn from the European Economic Community, Japan, the Unitad States

and the Soviet Union. The Workshop decided that INTOR should be the maximum

reasonable step (beyond the next generation) required to demonstrate the

plasma physics required for DEMO, to demonstrate required reactor technol-

ogies, to test blanket and other technologiesk and to show that a fusion

reactor could operate reliably. The device is to operate about 1990. A list

of tentative tokamak parameters is given in the final column of Table 4.369.

The plasma-toroid cross section will be D-shaped with considerable vertical

elongation. Heating to ignition would be provided by 75 MW of 175 keV neu-

tral atoms. The peak DT fusion power is 620-750 MW. The burn time is to be

at least 100 s with a duty cycle of at least 70%. A divertor is included.

Superconducting coils would be used. With a tritium inventory of 3 kg and a

consumption of 6 kg/a, the severe difficulties associated with tritium hand-

ling and breeding would have to be confronted. Though recent military and

political events suggest that continued cooperation of the U.S.A. and

U.S.S.R. in the actual construction of INTOR is exceedingly unlikely, neither

participant has withdrawn from the project.
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Over the past five or six years the fusion program in the

U.S.A. has embraced a number of concepts (EPR, PEPR, TNS, ETF) for "the next

step". Eventually each has been rejected, generally for something less ambi-

tious. The Engineering Test Facility was broadly comparable to I'fTOR. It

was rejected last summer by the latest review panel in favour of the Fusion

Energy Device (FED). The goals of FED are to produce a burning (perhaps

ignited) plasma, to study safety, and to provide a focus for the study of

reactor technologies and engineering at acceptable capital and operating

costs. The budget cuts proposed recently make the fate of FED somewhat

uncertain.

Apart from a very small toroidal device (STOR) at Saskatoon,

we know of no tokamaks in Canada. However, a consortium of five research

institutions (IREQ, INRS-Energie, Universite de Montreal, Canatom Inc., and

MPB Technologies Inc.) has prepared a conceptual design for a medium-sized

(R-0.83 m) tokamak to be built at Varennes, Quebec. An Important and novel

feature of the proposal is the ability to operate in a quasi-continuous

mode. The magnetic-field coils will be capable of operating steadily for

periods of the order of 30 s. The current in the exciting coils has a

complicated wave-form with a half-period of about 120 ms; plasma currents are

to be induced in opposite directions in the two halves of each cycle.

Provision will be made to establish a new plasma with preionization at the

beginning of each half-cycle, if necessary. The quasi-continuous mode of
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operation should permit the study of plasma-wall interactions long before it

will be possible with more conventional tokamaks. Some sort of poloidal

divertor is to be included to deal with the impurities generated by these

interactions. Other significant features arising from the proposed cyclic

mode of operation are the opportunity to study plasma behaviour during the

current nulls and the interaction of the device with the electrical power

network.

4.3.8 Tokamak Reactors In General

Although no tokamak has yet operated at a power high enough

for any application, numerous design studies have been carried out for pos-

sible tokamak reactors. Many of these designs have been concerned with the

generation of electricity based solely on fusion, but some have dealt with

hybrid systems for breeding fissile fuel. In all of them the major difficul-

ties are associated with the coil generating the toroidal magnetic field.

Because this field must be very strong the coil must be bulky. It should

also lie as close to the toroidal axis as possible. This latter requirement

conflicts with the need to shield the coil from the neutrons generated in the

reacting plasma. In the majority of designs superconducting coils are used,

and shielding is particularly important. The Large Coil Project currently

being carried out in the U.S.A., with considerable external participation,

should provide more information on the difficulties associated with large

superconducting coils. Facilities must also be provided for using the

absorbed neutrons to produce tritium to replace that consumed. For hybrid
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reactors part of the shielding is a blanket in which the fissile fuel is gen-

erated. The different designers of fuel-breeding systems seem to be agreed

that this blanket should be at least a metre thick. Another source of diffi-

culty stems from the need to limit the azimuthal ripple in the toroidal mag-

netic field; this need requires the elements of the toroidal coil to be more

numerous - usually much more numerous - than the illustration in Fig. 4.1b.

So far we have seen that the toroidal vacuum chamber must be

surrounded by more than a metre's thickness of shielding and fissile-fuel and

tritium-generating blanket. This blanket is in turn to be surrounded by a

bulky, rather closely wound coil to generate the strong toroidal field.

Facilities to cool this coil, possibly to superconducting temperatures, must

be provided. Because the expected plasma density will be larger when the

aspect ratio R/a is smaller, there will be an incentive to pack material into

the central region as tightly as possible. One way to reduce congestion in

the central region is to eliminate the iron yoke shown in Fig. 4.1; this has

already been done in some experimental tokamaks. Instead the changing magne-

tic flux which drives the plasma current and produces the ohmic heating is

provided by a system of air-cored coils concentric with the generating axis

of the toroidal system. These coils are geometrically similar to the "verti-

cal field" coils used - see Sec. 4.3.2 - to hold the plasma toroid in place.

The existence of the ohmic-heating and vertical-field coils with windings

running essentially at right angles to those of the toroidal coil increases

the complexity of the system, especially with regard to the manipulation of

blocks of shielding or blanket.
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The very large currents in the toroidal coil mist give rise to

very large magnetic forces acting on the parts of the toroidal coil and on

the ohmic-heating and vertical-field coils. Measures to hold all coils

securely in place will form an important part of the reactor design.

Though only one of the four Large-Tokamak Experiments listed

in Table 4.3 is equipped with a divertor, most (though not all) designers

seem to believe that a tokamak reactor would need to have a divertor. This

woul<? further complicate the magnetic system, and add to the congesti • in

the neighbourhood of the toroidal-field coils.

It is agreed that ohmic heating will be insufficient to bring

the plasma to a temperature at which the nuclear reaction will occur at an

adequate rate. The mode of auxiliary heating favoured in almost all current

designs is via neutral beams. The number of such beams depends on the

desired reactor power, the Q achieved and the beam current; it is likely to

be abouC 10 in a low-Q system. Each of these beams must be provided with a

penetration through the toroidal coil, the blanket and shielding, and the

vacuum vessel.

The tokamak, at least as originally conceived, is inherently a

pulsed machine. Thus the structural, first-wall and blanket materials are

subjected to periodic thermal stresses. Such thermal cycling could give rise

to serious material problems in a reactor. Currently, various methods of pro-

viding non-inductive drive to the tokamak are under consideration. The most

promising of these makes use of neutral beams intended primarily for heat-

ing. If these beams are inclined suitably to the toroidal axis, some driving

effect is observed. Whether the effect can be made large enough to be useful

is not yet definitely established. If this, or some other, quasi-steady
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drive mechanism could be used, the effect of thermal cycling would be greatly

reduced.

4.3.9 Some Tokamak Hybrid Reactor Designs

In the next few pages we give brief descriptions of some

tokamak-reactor designs which have been put forward recently.

4.3.9.1 Westinghouse CTHR

Westinghouse has produced a conceptual design for a Commercial

Tokamak Reactor (CTHR)30 which might be built early in the twenty-first cen-

tury uaing concepts and parameters believed to be appropriate to 1995. Both

an ignited and a near-Ignition beam-driven option were considered; here we

shall discuss only the latter. The major radius was 6.0 m, the minor radius

1.4 m and the 2longation factor 1-6. Superconducting !ft>3Sn colls were used

to produce a magnetic field of 5.2 T on the toroidal axis. The value assumed

for the safety factor q was 2.8. With 6 - 0.063 the electron density at the

centre of the plasma toroid was 10 cm .

Neutral-beam heating was assumed to produce a temperature of

17.3 keV and an energy confinement time of 20 s. The value of the product

nrE was calculated to be 1.3 x 10
ll|cm~3's. A diver tor was included. The

reactor was designed to operate with a 1200-s pulse and a duty cycle factor

of 0.9.

The fusion power was 1180 MW with Q - 5.8. Various blanket

designs with different energy-multiplication factors were investigated, but a

UC-LiH blanket was preferred. One design produced 2.41 Mg/e of Fu and 1600

MW(e) net electric power; in addition 650 MW(e) were consumed in the
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reactor. The system was self-sufficient in tritium. The total capital cost

for a UC-LiH system (with no blanket on the inside) was $3.41 x 109 (1979

U.S.) or $5.0 x 109 (1981).

4.3.9.2 An EPRI Tolcamak Breeder

EPRI has produced a detailed study of a design of a fusion-

driven tokamak hybrid reactor for fissile—fuel production. It was based on

TFTR plasma parameters and a technology which could be assumed to be

available in the late 1980's. Both the TCT and BDTN regimes - see Sec. 4.3.5

— were examined; the former was found to be somewhat more economical. The

major radius of the plasma was taken to be 4.55 m; the horizontal and

vertical minor radii were 0.90 and 1.44 m. The overall reactor diameter was

20 m. A toroidal field of 4.25 T at the toroidal axis was to be generated by

superconducting coils; in the coils themselves the maximum field was 10.5 T.

The safety factor was q ~ 2.5.

The mean electron density was 1.0 x 10Iifem~3 with S • .055.

Neutral beams of 200 keV deuterium atoms of total power 380 MH heated both

electrons and ions to a temperature of 6.5 keV. The product nexg was

assumed to be 9 x 1012cm~3's. The bulk plasma was ideally pure tritium,

injected In pellet or liquid form; as a result of the neutral-beam injection

it would acquire an 18% deuterium component. The resulting value of Q would

be 1.25.

The reactor would operate on a 75 s pulse followed by a 15 s

down period. The blanket power during the pulse was estimated to be 1800 MW

(th). The neutron production rate was 1.7 x 1020/s with a production of

1.8 Mg/a of Pu. Total direct costs for a demonstration model came to

$2.1 x 109 (1977 U.S.), or $3.7 x 109 (1981).
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4.3.9.3 An Oak Ridge Symbiotic System

Oak Ridge has developed31 a design for a fusion-fission

symbiotic system based on earlier work on a fusion power demonstration

study32,33, The p i a s m a minor radius was 1.5 m, the aspect ratio 4.0, and

the vertical elongation factor 1.6. Superconducting NbTi coils produced a

field of 3.6 T on the toroidal axis (7.1 T at the winding); however, the pos-

sibility of using normally conducting coils was not completely discarded.

The safety factor was q - 3.0.

A rather high value of B, 0.15, was assumed. The value of the

energy containment time was T E « 1.5 s. Neutral beams of 50 to 100 MW

would bring the plasma to an operating temperature of about 13 keV in 10 s.

After ignition there would follow a 20 min burn with a 95% duty factor. The

average thermal power was 2150 MW. The capital eo.it of a unit of the elec-

trical generating system was $0.9 x 109 (1976 U.S.), or $1.8 x 109 (1981).

In the study of the symbiotic system31 the DD reaction with a

Na-Th-F-Be blanket was found to be slightly superior to the DT reaction with

a U-Th-F-Be blanket. The former produced 0.880 reactions and the latter

0.737 reactions per source neutron. No evidence was presented r.hat the

greater difficulties standing in the way of DD ignition could be overcome.

In each eaae the blanket consisted of 42 cm of salt plus 40 cm of graphite

reflector.

4.3.9.4 A Princeton Design

At Princeton31* an extensive systematic analysis of a wide var-

iety of tokamak fusion-fission hybrids was carried out with the same cost

algorithm. Optimum designs, depending on the value of Pu, were located.
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It was concluded that electric power generation should be emphasized, unless

the cost of fissile fuel is very high. The optimization was carried out for

a rather large electrical output - 3000 MW(e) - with the result that the

size of the tokamak is much larger than in some other recent designs. In one

example the major and minor radii were 15.7 and 2.9 m, the product nxg was

assumed to be 7.6 x lO^enT^'S and Bwas 0.01. Neutral beams of both D and T

were injected to heat the plasma to ignition at 6.1 keV. The energy multi-

plication factor in the blanket was 9.86, the Pu production 2.0 Mg/a, and the

net power 2.4 GW. The capital cost was estimated to be $3.3 x 109 (1978

U.S.), or $5.4 x 109 (1981).

4.3.9.5 A Counterstreaminjj-Ion Tokamak Breeder

The possibility35 of using a counterstreaming-ion tokamak as a

fissile breeder was investigated by D.L. Jassby (Princeton) and J.D. Lee

(Livermore). The major and minor radii of the plasma torus were taken to be

4.7 m and 1.0 m,respectively; the vertical elongation factor was 1.6. Super-

conducting Nb3Sn coils produced a field of 5.6 T at the toroidal axis. The

safety factor was q « 2.8 and the value of (5 was about 0.02. The product

neTE w a s assumed to have the value 1.4 x 1013cm~3'S.

Four beams of 100 keV D atoms (70 MM total) and four of 150

keV T atoms (75 MW total) provided heating (to an electron temperature of 1

keV) and fueling; they also helped maintain the toroidal plasma current for a

pulse of at least 100 s. The estimated value of Q was 1.50.

A 1.3 m thick Pu-breeding blanket covered 90% of the torus

surface. Net Pu production was 1.27 Mg/a; the average T breeding ratio was

1.09. The gross thermal power was 2110 MW(th) and the net electrical power
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480 MW(e). The total capital cost was estimated to be $1.4 x 109 (1976 U.S.),

or $2.7 x 109 (1981).

4.3.9.6 TORFA

Some interesting views have been expressed in a report issued

privately by D.t. Jassby36, who believes that the near-term goal of the U.S.

controlled fusion program should be the development, for practical applica-

tions, of an intense, quasi-steady, reliable source of 14 MeV neutrons based

on a tokamak fusion reactor featuring normally conducting toroidal field

coils; he has proposed a design for a Toroidal Reactor for Fusion Applica-

tions (TORFA). The production of fissile fuels was one of a number of prac-

tical applications considered. Superconducting coils were not to be used

because it was believed that they would take decades to develop to a point at

which they would operate reliably in a reactor environment. Jassby wishes to

use only technologies that have been proved "in the field" by the mid-1980's

at the latest. The toroidal field at the plasma was 2.67 T. Much attention

was given to devising demountable configurations for the coils and the blan-

ket modules.

Conservative assumptions were made in choosing the tokamak

parameters. The major radius of the plasma toroid was 5.05 m, the half-width

and half-height 1.35 m and 2.70 m. The safety factor was q - 3.0. Up to 150

MW of 120 keV D° and 160 keV T° beams were to be used to heat and fuel the

plasma. The electron temperature would be 8 keV, the ion temperature about

twice greater. A 500-s pulse was to be driven by transformer action; driving

by neutral beams was thought to be possible, but premature. Values of Q up

to 2 were considered possible, though very much smaller values would be
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accepted as useful. At Q>2 the fusion power would be 300 MW. The blanket

would be designed to cover at least 80% of the torold surface.

Jassby estimated (private communication) that the cost of the

whole TORFA project would be $2.0 x 109 (1980 U.S.) or $2.7 x 109 (1981).

4.3.9.7 Candidates for Economic Agsessaent

Two of the six reactor concepts considered here have been

selected for economic assessment In Sec. 10. We have chosen tha Westingbouse

CTHR, despite Its relatively high rate of fissile-fuel production, because It

Is said72 to be the aost recent scoping stiMty of the tokamak reactors. The

C1T fissile breeder of Jassby and Lee was also selected, because Its annual

yield of fissile fuel Is closest to the desired rate. The yield of the EFRI

design lies between those of the chosen two. The Oak Ridge and Princeton

concepts both make the more optimistic assumption that it will be possible to

ignite a plasma. The breeder of Jassby and Lee was preferred to the TORFA of

Jassby, because better cost estimates were provided for the former. We

recognize that Jassby would now wish to modify the former, at least to the

extent of replacing the superconducting coils by TORFA coils.

4.3.10 The Stellarator

The stellarator is a toroidal device very similar in many ways

to the tokamak. The distinctive difference is that the poloidal field is

generated by external windings rather than by toroidal current flowing In the

plasma; in a stellarator at least some of the coils must be wound in "heli-

cal" fashion. Thus a stellarator can operate without an induced circulating

current; in principle it can continue indefinitely. However, because of the
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extra structure needed to support the "helical" toroidal winding, it has

always been necessary to design stellarators with a larger aspect ratio (-20)

than tokamaks. Thus for the same minor radius a stellarator is considerably

larger than a tokamak.

Interest in stellarators waned rapidly when promising results

began to be obtained with tokamaks• It is now known that the problems which

plagued stellarators were not inherent to them, but resulted from the large

value of the aspect ratio . The circulating current Induced for the sake of

ohmic heating would give rise to MHD instability, as explained in Sec. 4.3.3;

this occurs at a lower current for higher aspect ratio. Now stellarators are

3 fl

giving as good behaviour as tokamaks of comparable size .

Recently the stellarator Wendelstein VIIA at Garchlng has been

operated successfully without any circulating current. As the initial

ohmic heating was gradually shut off neutral-beam heating waB turned on in a

compensatory fashion. There was a four-fold improvement in Tg when the

neutral-beam heating had taken over. Note, however, that Wendelstein VIIA

still had an aspect ratio of 20 despite considerable design effort to

decrease it.
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4.4 OIHER HAGNETIC-CONFINEMEHT DEVICES

The devices discussed here may be classified In various ways;

perhaps the most useful such classification would be on a spectrum of feaei-

bility. However,even now the basic physics of collective phenomena in plasmas

is still not understood, so that such a classification is rether subjective.

A further problem is the multiplicity of variants of basic

ideas and the combinations of different ideas into one device, so any classi-

fication will be arbitrary. In the present section the devices considered

will be lumped into three classes: toroidal systems, linear systems, and

others. The 'others' are flux compression and surface magnetic-confinement

systems.

Toroidal machines appear to be further divisible into three

classes:

1) Tokamaks and several other tori, with major and minor radii differing by

a relatively small factor (the aspect ratio). In these, portions of the

vacuum chamber, magnets, or other hardware are positioned at the centre

of the torus where space is limited and access is difficult.

2) ELMO Bumpy Torus (EBT) and a few other tori with aspect ratio » 1 . These

are essentially linear machines bent around into a circle to avoid end

losses. They attempt to combine the advantages of linear machines

(simple geometry) with those of tori (no ends). It was found that ohmic

heating is completely inadequate for large-aspect-ratio machines, so they

lost favour, but now that there is confidence that other heating methods

(e.g. neutral beams) can be made to work they have regained their

attractiveness.

3) Compact tori, which are small tori, with low aspect ratios, but no hard-

ware within the centre of the torus. They include spheromaks and a var-

iety of reversed-field configurations. They constitute the currently

most fashionable toroidal alternative to the giant tokamaks.
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The second class, linear machines, suffers from large end

losses. Recent development of various end-plugging schemes (see Sec. 4.2.3)

gives hope that end losses can be cut substantially. In a very long linear

machine the cost of the blanket will be high.

The other systems, flux compression and surface magnetic-con-

finement systems, appear to be well down on a scale of feasibility.

Much of the material in this section follows from a 1977

report evaluating alternatives to tokamaks for magnetic-confinement

fusion. A more recent (1980) study1*3 has provided Information on recent

major changes, e.g. increased confidence In neutral beams and r.f. heating

and in end-plugging schemes for linear devices.

4.4.1 Tori

4.4.1.1 E1MO Bumpy Torus

A bumpy torus is one with a periodic spatial modulation of the

magnetic field. In ELMO'2-44^ t^e bumps are formed by annular rings of

relativistic electrons. It has been discovered that a plasma column could be

bent through an angle up to 15° at the potential well created by an electron

ring. Hence ELMO Is essentially a string of mirrors bent around Into a

circle. It is meant to be a steady-state device. In the present models of

thia device, at ORNL and Nagoya, the electron rings are confined and heated

by an r.f. field via electron cyclotron heating. ELMO appears to function

well, for hours at a time, and the two existing machines work in a mutually

consistent manner, but plasmas produced to date are still a long way from

reactor conditions. Early conceptual reactor designs were for very large

machines (e.g. 60 m diameter), but it has been found that the addition of
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supplementary "aspect-ratio-enhancement" coils allows construction of smaller

machines.

4.4.1.2 Reversed-Field Pinch

The toroidal field in a toroidal discharge is made to reverse

in some way (ref. 42 lists several possibilities), and the reversed field

stabilizes the pinched discharge. Like ELMO, this device42'43 has an

arbitrary aspect ratio, and the field reversal relates it to the compac*

tori, with which it shares some advantages. It is a pulsed system, with a

burn time of seconds, so refueling and impurity removal are not likely to be

serious problems. Scaling of energy loss is poorly understood so resistance

heating and containment in the reactor regime are uncertain. Recently these

devices have been reviewed70.

4.4.1.3 Tormak

This is an absolute minimum-B configuration. The magnetic

field is a cusp rotated into a toroid. It is meant to be a steady-state

device, but refuelling without losing plasma out of the cusps is thought to

be difficult1*2. It is a small-aspect-ratio torus, so it has hardware in the

centre where there is little room for access. The U.S. DOE has stopped work

on it.

4.4.1.4 Compact Tori

These devices are currently exciting considerable interest.

They include spheromaks and various reversed-'ield configurations. A ring of

current - plasma, electrons, or ions - is set up, of sufficient intensity
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that some of the field lines encircling it close within the vacuum chamber.

The field lines then approach a force-free field configuration called a Hill

vortex. Plasma within this volume is confined, being able to escape only by

diffusion across field lines, not by transport along them. Spheromak plasma

configurations have been achieved in the laboratory*^.71,

The optimal spheromak appears at the moment to be oblate,

rather than spherical, with an aspect ratio 1.5. As the aspect ratio

increases to 3-5, the compact torus concept includes the reversed-field

pinch, and in the limit of zero toroidal field, it includes the reversed-

field theta pinch and the reversed-field mirror; the last named is considered

under linear systems in Sec. 4.4.2.3.

Most of these devices are too new to have been developed to a

stage where a reactor design study can rationally be made (but see ref. 43),

but they are attracting such intense and widespread interest that this situa-

tion may change in the next couple of years.

4.4.1.5 Ion Ring Compressor

This may perhaps bs better considered as one of the "other"

systems, but the DOE study1*2 lumped It in with the tori. A plasmoid, or com-

pact volume of plasma, is confined near the centre of an ion ring being

pushed through an external magnetic field. The ring and plasmoid are pushed

into a region of higher magnetic field, thereby accelerating the ions in the

ring and heating the plasma by magnetic compression. The plasma may be fur-

ther heated by collisions with the ions in the ring. After a period of burn

the ring and plasmoid drift into a low-field region <" .re their magnetic-
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field energy is recovered* The expected gain Is small (Q ^ 5). This Is a

slowly pulsed system. Very little work has been done on it so far. The CTOR

device described in ref. 43 appears to be a later development of this system.

4.4.2 Linear Systems

Currently proposed end plugs appear to be adequate to supple-

ment mirror systems but it is not yet clear whether they will suffice as the

only barrier to end losses in other machines. If they are sufficient, they

will probably be so only in a very long machine. Although the resultant

field distribution in a reversed-fleld mirror is conceptually similar to

those of the compact tori, we include this device among the linear systems

because it has evolved from the mirrors. The dense Z pinch shares with the

rest of the linear systems the cylindrical geometry, but virtually nothing

else.

4.4.2.1 Linear Theta Pinch

Plasma confinement is by an axial magnetic field . The

plasma is heated by a pinching current in the 6 direction. Dense plasmas of

near thermonuclear temperatures have been produced in theta pinches (LASL

Scylla devices, for example). End losses dominate, and need to be reduced by

a factor of ^20 before even a very long system could be practical.

4.4.2.2 Externally Heated Long Linear Systems

With laser or particle-beam heating, the plasma does not need

to be compressed greatly, so the magnet bore can be small, and so the fields

can be higher. End losses remain a problem, and the enormous lengths of the
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the high-field superconducting magnet and the blanket make these devices

appear economically unfeasible",4',

4.4.2.3 Reversed-Field Mirror

Field reversal is one of the ideas listed in Sec. 4.2.2 for

improving the Q-values of mirrors. By one means or another a current is

caused to flow in the plasma about the mirror axis. The field of this cur-

rent is strong enough to reverse the sign of the resultant magnetic field on

and near the axis. Thus some of the magnetic field lines are changed into

closed loops lying entirely within the device. The plasma trapped inside the

toroidal surface formed by these loops can escape only by diffusion across

magnetic lines of force. Experiments'19 carried out at LLNL with the machine

2XIIB have approached field reversal. There are theoretical reasons to

believe that some reversed-field configurations may be unstable. However,

the theory is not yet well developed and existing computer codes do not yet

include several factors thought to be important. Much of the work on field

reversal is being carried on at LLNL, where it is considered1*8 to be a less

well developed, but potentially very important, alternative to the tandem

mirror.

4.4.2.4 Dense Z-Pinch

A current flows in the Z direction in a short (̂ 1 m) length of

relatively dense plasma. This is a short-pulse (10~° s) device. Z-pinches

are notoriously unstable, but MHD stability analyses indicate a possibility

for increased stability which has encouraged preliminary reactor

studies^,47 a •j^ie 2-pinch is so small and basically simple that it appears

attractive.
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4.4.3 Other Systems

4.4.3.1 Flux Compression

A metal liner is imploded by a magnetic field onto a plasmoid,

compressing and thereby heating it to reactor temperatures. In the LINUS

system the liner is a liquid lead-lithium mixture, stabilized by rotation,

pushed against the plasma by pistons acting on compressed helium^ > 43 # j t

is a thermonuclear analogue of the internal combustion engine. In the cur-

rent version1*3 the contained plasma is in a field-reversed configuration,

making it easier to hold the plasmoid in place while compression is starting,

and to reduee the length of the system.

4.4.3.2 Surface Confinement

This is an axisymmetric torus with several superconducting

rings levitated inside the torus. This is supposed to be an "advanced" (neu-

tron-free) system, because the superconducting rings ean not tolerate high

neutron fluences, and hence it would be impracticable as a breeder, even if

it were to be successfully operated.

4.4.4 Conclusion

Of these devices, ELMO appears the most promising, in the

sense of having the best proven performance. The reversed-field devices —

the reversed-field pinch, the reversed-field mirror and the compact tori -

look promising, and the dense Z-pinch, because of its small size and apparent

simplicity, should be watched. The geometry of each of these appears accep-

table for breeding. The enormous stability of ELMO (allowing it to run for

hours at a time) and the small size, non-toroidal vacuum chamber, and high 3

of the reversed-field devices are their attractive features.
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4.5 HEATING OF MAGNETICALLY CONFINED PLASMAS

To achieve a thermonuclear reaction the ions must be heated to

high enough temperature to overcome the Coulomb barrier and a sufficient den-

sity of particles must be confined for long enough to react and produce the

desired neutron flux. The previous sections have dealt with the confinement

problem. This section considers means to heat the ions or to give them

directed energy to permit fusion reactions to occur. The heating techniques

will be considered within the context of a fusion-fission hybrid (i.e. a neu-

tron source) rather than an ignition reactor. The heating techniques will be

assessed mainly on the basis of experimental results, mostly those reported

at the recent IAEA Conference on Plasma Physics and Controlled Nuclear Fusion

in Brussels. The techniques considered will be ohmic heating, neutral-beam

injection, magnetic compression, and radiofrequency heating. For each tech-

nique the basic processes will be outlined, advantages and limitations of

each will be identified and the current technological status and extrapola-

tion to future fusion devices will be discussed.

4.5.1 Ohmic Heating

The first technique is ohmic heating. A large current is

induced in the plasma and the finite plasma resistivity leads to heating.

This technique is most applicable to tokamaks and stellarators where the

plasma loop forms a one-turn secondary in a transformer. This leads to the

first limitation of this technique, as the system is basically pulsed, even

if the pulse lasts for 10-100 seconds. The current in the primary must then

be reversed for a second cycle. The other major limitation is that as the
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plasma temperature increases the resistivity decreases and increasingly

larger currents must be induced. However, as noted in Sec. 4.3 the current

must be kept below a critical value to maintain plasma stability. Since the

critical current depends on the toroidal magnetic field only very high field

tokamaks (the Alcator type) could possibly use this technique50 to achieve

the high temperatures required for significant thermonuct-.Hi- burn. The tech-

nological basis for ohmic heating is quite well established, though problems

still exist in energy storage and switching. Some of these problems will be

studied on the Varennes Tokamak51. To achieve high efficiency the coils and

energy storage systems will likely have to be superconducting.

4.5.2 Neutral-beam Heating

Neutral-beam injection is currently the most promising heating

technique for all magnetically confined plasmas . A high-current ( 100

particle A) high-energy (100-500 keV) beam of neutral atoms is injected

across the magnetic-field lines. These atoms ionize when they strike the

plasma and are then trapped by the magnetic field. Collisions between these

fast ions and the slow (cold) plasma ions then heat the plasma ions to ther-

monuclear temperatures. Also, if beams are injected in opposite directions,

collisions between the two groups of beam ions can give large reaction

rates. This is the basis of operation for the TCT (two-component torus) and

C1T (counterstreaming-ion torus) discussed previously. Furthermore, in

tokamaks, a large current can be generated becauoe the energetic ions circu-

late many times around the torus. This current, if in the proper direction

and of sufficient magnitude, can provide the current which gives the tokamak

its stability and thus permit continuous operation. This circulating current
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has been seen on tokamaks with high-power neutral-beam injection",54. it

generally manifests itself as a rapid drop in the loop voltage on tokamaks

that use a constant-current ohmic heating circuit. Similarly, in mirrors,

the injected beam can form currents that can lead to magnetic-field reversal

in the plasma.

Neutral-beam injectors consist, in their simplest form, of an

ion source that gives a high-current high-energy ion beam, a neutralizing

cell to convert the ions to high-energy neutrals by charge exchange on a neu-

tral gas, and a deflector system to remove the unneutralized ions from the

beam and direct them to either a beam dump or an energy-recovery Bystem.

Development of neutral-beam injectors over the last few years has been

impressive - from 10 A at 30-40 keV for 0.1 seconds a few years ago to 60-

100 A at 100-120 keV for up to 1.5 seconds at the present. It is fair to say

that the attainment of reactor-acale temperatures in present-day fusion

devices is directly due to the advancements in neutral .. ..em injectors.

Neutral-beam injectors are not without problems, however.

Aside from their complexity there are a number of drawbacks to their applica-

tion on future fusion devices. A major problem is that higher energies will

be required to allow the beam to penetrate far enough into the plasma to be

trapped* Unfortunately, as the energy increases the neutralization effic-

iency decreases (from ̂ 70% at 60 keV to ̂ 25% at 200 keV) and larger and lar-

ger ion beam currents are requi^d for a given neutral-beam current. The

adverse effect on system efficiency can be minimized by using effective

energy recovery techniques to recover the energy in the unneutralized ion

beam. Using such techniques with deuterium neutral beams, efficiencies of

55* at 150 keV and 40% at 200 keV should be achievable55. These techniques
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are being actively pursued at Oak Ridge, Berkeley, Fontenay-aux-Roses and

elsewhere56. At energies above 100 keV per nucleon it is necessary to use

negative ions which have a high neutralization efficiency at high energies

(•̂ 80% from 100-1000 keV). The problem here is to devise sources that can

i-rovide a high-current beam of negative ions. There is at pveotnt ver •

little work in this field. Fortunately for a fusion breeder based on either

a tokamak or a tandem mirror, the energies and efficiencies required are

still within the reach of positive-ion-based injectors with efficient energy

recovery techniques. Another problem is that, since the injectors are line-

of-sight devices, neutron losses through the beam ducts lead to losses in

usable neutron flux and to activation and neutron damage to the injectors.

Furthermore the injectors themselves are expensive and bulky. It has been

pointed out that for a large beam—driven tokamak, the injectors will cost

about the sane as the tokamak itself

4.5.3 Heating by Magnetic Compression

Another heating technique, applicable mainly to tokamaks, is

magnetic compression. The plasma can be compressed by increasing the toroi-

dal magnetic field (B t), maintaining a constant plasma major radius (R) and

compressing the minor radius, or by increasing the vertical magnetic field to

reduce both major and minor plasma radii at constant toroidal magnetic

field. Both schemes increase the plasma density by C and the plasma temper-

ature by cf*'*, where C is the compression ratio, and maintain the safety

factor unchanged. The inherent disadvantage of the scheme is the poor utili-

zation of the magnetic field - the final plasma volume is considerably

smaller than the required initial magnetic field volume. Although magnetic
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compression alone is of limited applicability, in combination with other

heating techniques it can be quite useful. Since preheat energy is multi-

plied substantially by compression, driver efficiency is less critical. For

compression in R, neutral-beam penetration in the pre-compression stage is

13 "̂  ' 0

much easier, since the beam attenuation varies as R J'S Fjr two-compon-

ent tokamak systems over-aJl system efficiency can be enhanced by up to

a factor of 2 by using slow compression to maintain the energetic deuterons

in the most productive energy range • Alternatively, the energy of injected

ions can be increased by compression over a time scale short with respect to

the slowing down time - the energy of the injected ions is proportional13 to

R~2. The Tokamak Fusion Test Reactor currently under construction at

Princeton will use constant Bt ccrtipi ssion in some v,odes of operation.

4.5.4 Radiofrequency lî ŝ ing

A technique that is receiving a lot of attention at present is

radiofrequency heating. The plasma particles are heated either directly, as

in electron or ion-cyclotron-resonance heating, or indirectly through waves

generated in the plasma as in lower-hybrid heating. The major advantage of

these techniques is that the antennae or waveguides cr.n be readily adapted LO

the cramped quarters in a typical tokamak, and penetrations through shielding

can be designed to minimize neutron leakage. However, because the antennae

are very near the plasma, usually forming part of the first wall, the relia-

bility of these devices which must operate with high surface electric fields

In a very harsh environment is questionable. In electron and ion-cyclotron-

resonance heating the applied frequency is chosen to be a low order harmonic

of the particle cyclotron frequency near the centre of the device.
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Electron-cyclotron—resonance heating suffers from a number of disadvantages.

The ions are heated indirectly, that is the electrons are heated by the

applied electric field, and the ions are heated by collisions with the elec-

trons. Also, because of the high magnetic fields required in most devices,

very high frequencies (̂ 100 GHz) are needed. The production of megawatts of

power at these frequencies is still an unexplored field. However,electron-

cyclotron-resonance heating has other applications in magnetic-confinement

devices. In a tokamak, electron—cyclotron-resonance heating can be used to

form a high-electron-temperature plasma during initial startup. This reduces

the power storage requirements for the ohmic-heating circuit. In a tandem

mirror with thermal barriers, electron-cyclotron-resonance heating is used to

heat the electrons In the thermal barrier region. In devices such as the

Elmo Bumpy Torus the electron-cyclotron-resonance effect is used to generate

the large circulating electric currents that provide confinement.

lor cyclotron heating has been used on a number of tokamaks to

raise ion temperatures^~M-. At rh° present time the heating is limited by

the power available from available rf tubes. However, with ion-cyclotron-

resonance heating the frequencies required are much lower than for electron-

cyclotron-resonance heating. In the wave-heating schemes antenna arrays are

used to generate waves in the plasma which heat the ions as they are damped.

Experiments on this are being carried out in a number of tokamaks. Experi-

mentally, ion—cyclotron and lower—hybrid-resonance heating have proven to be

as efficient at plasma heating as neutral-beam injection53'61. However,

for reasons as yet unknown, rf heating has deleterious effects on olasma sta-

bility • Also, because rf heating techniques tend to give a fairly thermal
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distribution for the ion energies, there are no enhanced neutron-production

rates as are seen from neutral-beam injection.

4.5.5 Comparison of Heating Techniques

There is as yet no clear-cut "best" heating technique. Extra-

polation of neutral beam injectors to high-energy continuous operation, per-

haps with negative ions, is unclear at present. A good understanding of

plasma processes in the presence of high-intensity radiofrequency fields is

lacking. Ohmic heating and magnetic compression are not felt to be adequate

to achieve the desired plasma conditions. It may be that the best approach

will be to use a mix of techniques: electron-cyclotron-resonance heating to

provide a high-^electron-teiaperature, low resistivity plasma for startup,

ohmic heating to provide an initial high-density plasma to stop the neutral

beams that would be used for current drive and heating, and ion-cyclotron or

lower-hybrid heating to provide additional heating to overcome plasma losses.

While it seems to be reasonably assured that some combination

of the known techniques could provide adequate heating for a driven magnetic-

confinement fusion reactor, the driver capital cost and efficiency would have

a strong impact on the system economics. As noted previously, the neutral-

beam injectors for a large beam-driven tokamak will cost as much as the rest

of the tokamak. Costing for the JET tokamak suggests that rf heating systems

may be slightly less expensive62, but not significantly so.
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4.6 CONCLUSIONS

In no magnetic-confinement device has it yet been demonstrated

that a plasma of quality suitable for a reactor can be maintained. The

tokamak and the tandem mirror are closest to success; the situation is sum-

marized in Table 4.4. All other devices are far behind, though there are

some grounds for optimism in the case of the ELMO Bumpy Torus-

The tokamak is the most highly developed device, and is clos-

est to producing a reactor-grade plasma. It is widely believed that TFTR

will succeed in its objective of generating as much energy by fusion as it

consumes in heating, and that a burning plasma is achievable. We have

encountered no reason to doubt these beliefs.

The major obstacle to using a tokamak in a reactor is the

large number of complicated and interconnected systems which would have to

operate satisfactorily in order to ensure overall success. More than one of those

we consulted believed that no tokamak reactor would ever operate as a practi-

cal generator of electricity. One of the chief sources of concern is the

system of superconducting coils operating in close proximity to a hot, neu-

tron-emitting plasma. The TORFA proposal postulates operation without super-

conducting coils, but the most optimistic estimated value of Q is so low that

much of the anticipated advantage of a fusion machine would be lost. Another

Juvortant obstacle is that toKamaks are inherently pulsed machines, though

non-inductive drive mechanisms now under consideration may greatly extend the

pulse length; the thermal and magnetic effects associated with the pulsing

could have deleterious effects on some of the materials involved. Thus even

though tokamaks may soon be found to be scientifically feasible, engineering
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TABLE 4.4. Comparison of Attained and Expected Parameters for Toka^aks

and Tandem Mirrors

Parameter

nx(cm~ ms)

T±(keV)

6

Q

Attaineda

3.3 xlO13

7.1

0.3

.02b

Tokamak

TFTRC

=io13

>5

.007

1.0

d
Reactor

3 x 10 1 4

7-10

.06-1.0

10-20

Attained

7 x 1 0
1 0

.25

.2

f

Tandem Mirror

e MFTF-B8

5 X 1 0 1 3

15

.24h

.5

Reactor

2.5xlO13

10k

.4 to .75-*

10-5011

a) Hot measured simultaneously or even on one machine; see Sec. 4.3.6
for details.

b) Calculated for a 50-50 DT mixture from measurements on a D plasma? .

c) See Sec. 4.3.6 and ref. 37.

21

d) Tokamak-reactor goals used by U.S. Dept. of Energy

e) TMX results; see Sec. 4.2.3.6 and refs. 8, 48 and 63.

f) Because ion temperatures have so far been low, Q has been very low.

g) Taken from ref. 48.

h) Calculated from data given in ref. 48.

j) See ref. 63.

k) See Sec. 4.2.4 and ref. 11.

I) See discussion in Sec. 4.2.4.
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(let alone economic) practicability would not be guaranteed; at the very

least a major program of engineering development would have to be undertaken.

Mirror devices have also been the object of much study, but

until recently they seemeJ to have encountered a dead end. Only with the

concept of the tandem mirror has the expected value of Q reached confortable

levels. However, only very preliminary experimental results have so far been

obtained for the tandem mirror, and it is far from certain, judging by the

past history of plasma physics, that some new instability will not intervene

to destroy the expected confinement. Compared to the tokamak, the tandem

mirror is further from realization. Nevertheless, should theoretical

expectations be borne out, a reactor built around a tandem mirror would have

several important advantages:

i The central rsgion in which the fusion reaction takes place has a rela-

tively simple cylindrical geometry; the solenoidal magnetic field is

relatively weak and is excited by coils of relatively simple form,

though it seems to be assumed that they would be superconducting. The

cells for breeding tritium and fissile fuel would have to be stacked

between the inner surface of the solenoid and the vessel containing the

plasma.

ii The output may be increased by specifying a longer central section.

iii The complicated coils of the end plugs are well separated from the reac-

ting plasma.

iv Mirrors are inherently steady-state devices, so the thermal cycling pro-

blems arising with tokamaks should not be encountered.

Mirrors are high-$ machines compared to tokamaks, a feature

which one would expect to be reflected in some economic advantage. The

direct conversion of the kinetic energy of escaping ions to electricity is

believed to be an important potential advantage of pure-fusion mirror reac-

tors, but may not necessarily be important in hybrid systems.
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5. INERTIAL CONFINEMENT - LASER BEAMS

[J.S Geiger, F.C. Khanna, V.F. Sears and W. Selander]

5.1 INTRODUCTION

The AECL Laser Fusion Working Party presentation to the AECL.

Senior Management Committee, November 1, 1973, provided a comprehensive

picture of the status of laser fusion studies at a time when it was deter-

mined almost totally by theory^. The experimental studies of laser

driven inertial ".onfinement fusion (LICF) have advanced very rapidly in

the intervening 7 years. The present report outlines the present status

of LICF studies, indicates those aspects which are the subject of current

experimental investigation, and summarizes current views of LICF-based

power systems.

5.2 THE LASER DRIVEN INERTIAL CONFINEMENT FUSION PROCESS (LICF)

The sequence of physical interactions involved in the LICF

process are described in some detail in AECL-4890, pages 9-251. A brief

summary description is given here to provide a basis for the discussions

which follow. As i l lustrated in Fig. 5 .1 , a solid-walled pellet target

containing a fusionable f i l l material (fuel) is heated by pulses of laser

l ight which Impinge simultaneously on the target from several directions.

Heating by the i n i t i a l portion of this incident l ight pulse vaporizes

surface material from the pellet and results in the formation of a plasma
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a) AT t - 0

SPHERICAL GLASS

SHELL FILLED

WITH DT FUEL

ABLATING
MATERIAL ' ̂

b) PARTIALLY COMPRESSED

CRITICAL DENSITY
SURFACE

UNDER DENSE PLASMA

ABLATION SURFACE

COMPRESSED CORE

HOT COMPRESSED

SUB-CORE

c) AT IGNITION

Figure 5.1 Schematic representation of three stages in the evolution
of a laser driven pellet implosion.
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around the pel let . Light from the remainder of the pulse penetrates

through the outermost low density regions of this plasma and as far as the

c r i t i ca l density, a density dependent on the wavelength of the incident

l ight- The plasma is strongly absorbing in this c r i t i ca l density region

where a significant, fraction of the l ight energy is taken up by the

electrons of the plasma. The rest of the l ight is reflected. Energy

absorbed ir. the c r i t i ca l density region is transported by electrons

through the more dense plasma regions to the ablation surface, the pellet

wal l . Ablation of material from this strongly heated wall provides a

rocket-l ike driving force which launches shock waves from the pellet

surface which are transmitted hydrodynamically toward the pellet center.

A compression of material at the pellet center follows. Appropriate

choice of the force-time profi le can result in the creation of a com-

pressed but relatively cool pellet core possessing a tiny hot central sub-

core as depicted in Fig. 5.1C. The alpha particles resulting from fusion

reactions in this hot compressed sub-core heat the surrounding compressed

core so that i t undergoes fusion. This propagating burn sequence which is

essential for high energy gain in LICF has yet to be realized and wi l l

require experimental f ac i l i t i es which are planned for the mid-1980's or

later.

In an alternative approach to .laser driven ICF , the nature of

which has only recently been declassified, the laser l ight is converted to

soft x-rays in an appropriately designed target assembly. I t is the soft

x-rays which are then absorbed and drive the pellet implosion in the

manner described above.
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5.3 THE PRESENT STATUS OF LICF

A historical review of LICF was given by Sears in Appendix I of

reference 1. A more recent review of the development of LICF is givei, by

H.G. Ahlstrom in the introduction to his report setting forth the techno-

logical basis and current status of the experimental program at the

Lawrence Livermore National Laboratory . Theoretical consideration of

LICF concepts began in 1961. Much of the early work was classified, how-

ever, and a general awareness of LICF concepts did not develop until the

1970's. The experimental development of the field was dependent on the

availability of high power lasers. Consequently laser development played

an important, indeed dominant, role in the early phases of most programs.

Experimental data began to appear in the late 1960's.

5.3.1 National Programs in LICF

The U.S. has the largest LICF program. Nd-glass laser develop-

ment and Nd-glass laser driven ICF studies are centered at the Lawrence

Livermore National Laboratory (LLNL) with major support programs carried

on at KMS Fusion, the Laboratory for Laser Energetics at the University of

Rochester (LLE), and at the Naval Research Laboratories (NRL). The

program on C0£ laser development and COg laser driven ICF is centered

at the Los Alamos National Laboratory (LANL). A significant fraction of

the support for the LICF program is drawn from the defense budget.
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The Japanese program is centered at the Institute of Laser

Engineering at the University of Osaka and is funded !•" the Department of

Education. This program has emphasized laser development and they expect

to bring into operation CO2 and Nd-giass laser systems comparable to the

largest such systems currently operating (Helios and Shiva) in 1981 and

1983.

The U.S.S.R. was an early participant in LICF with activity

centered at the Lebedev Institute. Grouns in that laboratory are

currently developing two 10 TW Nd-glass laser systems for LICF, one based

on Nd-glass rod amplifiers and the other on Nd-glass slab amplifiers. A

report in a trade magazine3 has suggested that plans to expand a small

Nd-glass laser program in LICF at the Kurchatov Institute have been

abandoned.

France has an LICF program based on Nd-glass lasers at its

defense laboratories at Limeil. Some laser-plasma interaction work is

done at the Ecole Polytechnique (Paris).

The U.K. has established a Hd-glass laser user facility at the

Rutherford Laboratory which serves a scientifically oriented civilian

program in LICF, and has a Nd-glass laser facility for LICF at the weapons

laboratory at Aldermaston.

West Germany supports a modest program based on the Iodine laser

which they have developed to the 1 TW level.

Canada supports program in CO2 laser-plasma interaction

studies at the National Research Council laboratories (NRCC), a more
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limited activity at the INRS-Energie laboratories of the University of

Quebec, and krypton-fluoride laser development at the University of

Alberta.

5.3.2 Laser Facilities for LICF Studies

The available laser energy and peak power play determining roles

in experiments in the key areas of neutron yield and pellet compression.

For this reason laser development continues to play an important part of

all major laser fusion programs. Nd-glass lasers which operate at 1.06 ym

wavelength and CO2 lasers which operate at 10.6 vim have been best under-

stood and most readily scaled up 1n power, and for these reasons have

dominated the field thus far. While the Nd-glass laser continues to be a

favoured driver for scientific studies its low efficiency, >v 0.2%, and

poor power handling capability (average thermal power) are unsuited to the

breeder application. The CO2 gas laser has projected efficiencies in

short pulse operation approaching 10% and excellent power handling capa-

bility. The 10.6 pm CO2 radiation is found to be a much less effective

driver, however, and there is a widely held view that a gas laser oper-

ating in the visible or near UV will be required for breeder or power

production applications.

A summary of the laser systems which have been used, are being

used, and which are planned4 is given in Table 5.1. The most powerful

operational Nd-glass laser systems are the Shiva laser at LLNL (~ 30 TW;

10 kJ) and the Omega system at LLE (̂  12 TW; 10 kJ, not yet used in

experiments). The Helios CO2 laser at LANL delivers 20 TW peak power



Table 5.1. ICF laser systems. Under power amplifier we list the free-aperture dimension(s), and for the Nd laser, whether
the glass is silicate (S) or phosphate (Pt and in the form of rods (S) or discs (D).

COUNTRY

Canada

China

France

Japan

U.K.

USA

USSR

W. Germany

LOCATION

NRC
(Ottawa)

IOFH
(Shanghai)

Liaail

Bcole Polytechnique

ILE
(Osaka)

Rutherford

Aldernaston

LLL
(Live more)

LASt
(Los Alanos}

LLS
(Rochester)

KMSF
(Ann Harbor)

NRL
(Washington)

Sandia
(Albuquerque)

Lebedev
(Moscow)

MPI
(Garching)

TYPE

co2

Nd

co2
Nd

C6
Octal

Nd

CO2

Nd

Nd

Nd

KrF
C02

Nd

Nd

Nd

HF

Nd

CO,

I

SYSTEM

COCO II

Gekko II
Geklto IV
Gekko XII-H
Gekko XII
Lekko I
Lekko II
Lekko VIII

Helen

Cyclops
Janus
Argus
Shiva
Nova
Nova 11
Rapier

Helios
Antares
SPTF

Alpha
Beta
Delta
Zeta
Omega

Chroma I

Pharos II

Phoenix II

Kalmar
Delfin
UHI-35

Asterix III

NO. OF
BEAMS

1
2

1
6
I
1
1
4
8
1
2
4
2
12
1
2
9
2
6

2

1
2
2
20
10
20
1

1
8
72

200

1
2
4

e24
J

i2
1
2

1
1

9
216
32

1
1

OPERA-
TIONAL

no
yes
no
yes
yes
no
no
no
yes

yes

yes
yes

not yet
no
yes

not yet

no
yes
yes
no
no
yes
yes

not yet
not yet
yes
no
yes

not yet
concept

no
no
no
yes
yes

no
no
yes

no
yes

no
yes

testing

yes

no
yes

POWER
AMPLIFIER

IS cm

S.R
S,R, 7.0 cm

S.R
S,R, 6.4 cm
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and -o 10 kJ of energy. Significantly larger systems, the Nova Nd-glass

laser at LLNL and the Antares CO2 laser at LANL, are under construction

and scheduled for completion in the mid-1980's.

5.3.3 Experimental Status of LICF

Experimental knowledge of the various processes involved in LICF

has been obtained from experiments made with multiple beam laser systems

on spherical pellets and from single beam experiments on planar and

spherical targets. In the multiple beam, spherical pellet experiments it

is usual to employ a variety of diagnostic tools in any one 'shot' so as

to obtain simultaneous information on as many as possible of the processes

Involved in LICF. Semi-empirical computer codes which model the various

physical processes are employed to correlate and evaluate the results of

such experiments. The most complete and sophisticated of these codes is

the LASNEX code of the Lawrence Livermore National Laboratory. From 1974

to 1978 the implosion characteristic which was the focal point of most

spherical target experiments was neutron yield. At pr? int the emphasis

in these experiments is on pellet compression.

The single beam experiments have made major contributions to the

understanding of specific processes such as light absorption and thermal

energy transport.

Light absorption has received extensive study because it

directly affects the efficiency of the LICF process and because 1t is of

considerable scientific interest in itself . At light intensities
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< 1013 W/Cm2 the absorption approaches 100% for planar targets.

However, at the incident intensities of I 10 1 4 W/cm2 required to

implode pellets of current design the measured absorptions in spherical

target experiinents are in the range 20-40% at 10.6, 1.06 and 0.53 ]xm

wave-lengths .

At intensities > 10 1 4 W/CmZ the Tight can interact with

collective motions of the electrons and ions of the plasma, so called

"anomalous" interaction mechanisms, as well as with the individual

electrons and ions, the "classical" interaction mechanisms. The anomalous

interaction mechanisms (parametric instabilities) for a homogeneous

plasma** are listed on the left side of Table 5.2 together with estimates

of the threshold intensities above which the absorption due to the process

is expected to exhibit exponential growth to a saturation value. The

anomalous interaction mechanisms for a plasma which has a density

gradient, i.e. an inhomogeneous plasma, are listed on the right side of

Table 5.2. The threshold intensities for these cases have been calculated

on a specific plasma model, namely a plasma with the linear density

gradient and electron temperature specified in footnote b) of the table.

Experiments by the NRCC group show that resonance absorption is

responsible for a large fraction of the absorption of high intensity

10.6 vm CO2 radiation?. The fast (superthermal) electrons

generated in this process adversely affect the implosion process. They

find that only 25% of the energy absorbed appears in the thermal heating

of the pellet8, the major part of the absorbed energy escaping as fast

ions anrf electrons. The resonance scattering contribution to absorption

is smaller but still important at the 1 ym Nd wavelength.



Table 5.2. Summary of anomalous light absorption mechanisms.

HOMOGENEOUS PLASMA

Mechanism

Stimulated Raman
Scattering

Threuhold Intensity
Nd CO,

INHOHOGENEOUS PLASM*a)

Mechanism

Stimulated Raman
Backscattering

Stimulated Raman
Sldescatteriag

Stimulated Raman
Baekscattering

10 >2(U >l—I uo p \cl -

Threshold I n t e n s i t y
Nd CO,

101 4

Eiectroo -Electron
Decay Electron-Electron

Decay

Stimilatod Brilloulu
Scattering

Electron-Ion
Decay

^ / 1013 10'10

re»T±

Simulated Brillouin ID > u > '
Scattering P

Electron-Ion Decay <uo -

Kesonaace Absorption ta m

.2 o

u - frequency of scattered light

u, - frequency of Langaulr wave

«a - 'requency of lon-acouatlc wave

«) Flaans density n given by n(x) - n (1+x/O
with 4 - 0.1 c». Te - 1 k^V

b) Intensity - E| C/16 TV and is expressed in W/cm .

a • plasaa frequency; Ve - electron velocity, c-velocity of
light; • "electron mass; T± * ion temperature!
Te > electron temperature; and Eo " amplitude of
light wave
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The other anomalous mechanism for which there is experimental

evidence is stimulated Brillouin scattering which results in 'enhanced'

back reflection of the incident radiation. This has been observed at both

CO2 and Nd wavelengths^. In contrast to resonance absorption the

magnitude of the effect has not been such as to cause immediate concern.

The possibility of avoiding the problems created by these anoma-

lous absorption mechanisms by working at light intensities < 1013

W/cm2 is being actively studied by the NRL group. The use of low light

intensities leads to slower pellet implosions and as a result is more

likely to encounter problems with instability of the pellet during the

compression process9.

The transport of heat from the critical density region to the

ablation surface has been investigated in a number of experiments on

planar targets. The conclusion inferred from these experiments is that

the thermal energy transport is inhibited, the thermal-electron heat flux

from 1.06 urn laser irradiation of £ 100 ps duration being < 1/30 of the

value calculated for an electron diffusion rate determined by the classi-

cal value of the electron-ion collision frequency. Inhibited heat trans-

port reduces implosion efficiency. Max and Estabrookl° speculate that

this inhibition will be less pronounced as one goes from 1.06 pm radiation

to shorter wavelength. A group working at the Ecole Polytechnique (Paris)

have measured higher mass ablation rates for 0.53 vim irradiation than for

1.06 vm irradiation^ in support of this conjecture.
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Compression is a key parameter in LICF and is the central focus

of current experiments w.'iich seek to achieve very high densities, u l t i -

mately 1000-10000 x liquid DT. These experiments demand laser powers

which have only been available for the last two years. During the period

1973-1978 the implosion experiments concentrated on exploding pusher

target experiments. These targets consist of a spherical glass shell some

50-200 m in diameter and of £ 1 in wall thickness f i l led to a pressure of

10-100 atmospheres of a stoichiometric DT mixture. The shell wall is

thin and of low mass. A short burst of laser light <̂ 100 ps) heats this

glass shell to a very high and more or less uniform temperature which

causes i t to explode. This results in an in i t ia l shock-wave compression

of the fuel f i l l followed by a further compression driven by the inward

movint: glass. The compressed fuel densities which can be achieved with

these targets are modest, at best of the order of solid density, for two

reasons; one being the fact that the fuel is strongly heated before com-

pression by superthermal electrons whose range exceeds the glass wall

thickness and the second being the important role the shock-wave plays in

the compression. The attractiveness of these targets resided in the fact

that they do undergo significant fusion, thus yielding nuclear reaction

products wiiich provide important diagnostic information. The most

important result is that these products do indeed arise from thermonuclear

fusion and not from some accelerated ion process.

The limited compression which can be realized by the exploding

pusher mechanism means that this target type offers no hope of yielding

significant fusion energy gain. The ablatively driven adiabat.ic

1 atmosphere = 101.3 kPa



99

compression mechanism which should produce high compressions is now being

studied with the Shiva, Helios and Zeta laser systems. In most cases the

target is the glass microballoon with an added outer coating of a low Z

material which serves as the ablator driver. Densities of ^ lOx liquid DT

(̂  2 g.cm ) have been achieved with targets of the type described and

densities of 50-200x liquid DT 00-40 g«cm~3) have been achieved with

targets of classified design2.

5.3.4 Status of Pellet Fabrication Technology

The glass microballoons used in all of the early experiments

were obtained in bulk from commercial manufacturers who produced them for

applications unrelated to LICF. A selection process involving several

tedious steps was used to find balloons of the diameter, shell thickness,

sphericity and uniformity desired for experiment. The balloons were

filled with DT gas by diffusion at elevated temperatures.

Techniques have now been perfected to manufacture balloons to

predetermined geometrical specifications with high yield^ and to fill

balloons by means other than thermal diffusion. Computerized techniques

have been developed which eliminate much of the tedium from the character-

ization procedure while at the same time improving its accuracy!*.

Balloons have been successfully coated with low atomic number material for

the ablative compression experiments.

Some success has been achieved in the manufacture of hemispheri-

cal shells for subsequent assembly into spherical shells, a technique

needed for the preparation of complex layered targets.



100

The high gain target designs call for the DT fuel to be con-

densed and frozen on the innermost spherical wall of the pellet. Glass

microballoon targets have been prepared with DT condensed quite uniformly

on the inner wall of the shell and such targets have been used in experi-

ments. It must be noted, however, that in these experiments the condensed

DT layer was prepared after the target had been properly positioned in the

experimental target chambers. A helium cooled shroud shielded the target

up to a few milliseconds before the laser was fired.

5.3.5 Summary of the Present Status of LICF

Three milestones which have been passed in the study of LICF are

a) the observation of nuclear reaction products from an exploding pusher

target implodad using an -v 0.3 TW Nd-glass laser by scientists at KMS

fusion in 1973, b) the subsequent verification from measurements of the

particle spectral distribution (LLNL, 1975) that the reaction products are

of thermonuclear origin rather than from some accelerated ion

process12 and c) compressions to 200x liquid DT density2 (LLNL,

1980). The maximum neutron yield which has been reported is about

2.7xiol° from a target of the exploding pusher type. This yield

corresponds to a Q of t 10~4. The results of recent implosion experi-

ments made with the 10 kJ Shiva and Helios laser systems are summarized in

Table 5.3.

The experiments have identified processes which, when operative,

render LICF more difficult than originally believed. The production of

superthermal electrons is a prime example. Changes introduced in pellet



Table 5.3. Summary of thermonuclear conditions achieved in LICF(a)

Target Type

Exploding
Pusher

Exploding
Pusher

Ablative

Ablative

Classified

Laser
Wavelength

1 um

10 um

1 ym

10 um

1 um

Compressed Core
Density

Liquid DT

Liquid DT

10 x Liquid DT

20 x Liquid DT

100 x Liquid DT

Ion
Temperature

(keV)

8

2

1.5

1.2

0.6

nT
(cai-3-s)

101 2

7xl013

3xl014

3xl0"5

8.10"7

(a) Results for 1 ym irradiations made with the 10 kJ Shiva system; from Fig. 261 of
ref. 2
Results for 10 ym irradiations made with the 10 kJ Helios laser system; A. Hauer,
private communication

(b) Q is the ratio of the fusion energy out to the laser energy absorbed by the pellet
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designs to overcome this and other problems resulc in increased pellet

mass. In contrast to the 1972 outlook which held that a laser driver

delivering a few kilojoules would drive an implosion yielding scientific

breakeven it is now believed that a minimum drive energy of greater than

one hundred kilojoules at a wavelength in the near UV will be required to

reach this milestone. Every effort is being made to clarify the wave-

length requirement question quickly so that the Nova laser design can be

modified, if necessary, prior to construction. It is noted, in this

regard, that it has recently been demonstrated that the 1.06 urn radiation

from a high power Nd-glass laser can be frequency doubled with an

efficiency of ^ 80% and frequency tripled with an efficiency of

5.4 NEAR-TERM OUTLOOK FOR U C F STUDIES

A more complete understanding of light absorption mechanisms and

of heat transport and of their dependence on wavelength and pulse length

1s needed in order to choose the laser drivar system to be developed for

an LICF reactor. The high power-handling requirement for such lasers

limits candidates to gas lasers. The CO2 laser operating at 10.6 ym is

clearly nearest to meeting the energy capability and efficiency require-

ments. Indeed it 1s the very favourable engineering features of COg

lasers which have maintained a major place for CO2 lasers in the LICF

programs despite the broadly held view that the 10.6 nm radiation will

orove unsatisfactory as an LICF driver. The most likely near-UV laser
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candidate for the driver is judged, at present, to be the KrF laser which

operates at 248 nm. This laser, however, is not an energy storage device

so that the laser light must be extracted continuously over the full

duration of the excitation pulse, which is expected to be K 500 ns in

large systems. Such a system must therefore incorporate an optical pulse

compressor which adds cost and complexity. The overall efficiency is

estimated to be ^ 5% including compressor efficiency^. it must be

demonstrated that the KrF laser technology can be successfully extrapo-

lated from the current tens of joules level to the 100 kJ level.

Ablatively driven compression of DT fuel to > lOOOx liquid DT

density must be experimentally demonstrated. Progress in this direction

calls for increased laser power and energy, and with this goes larger

pellet size and longer implosion times, hence longer laser pulses. Fluid-

plasma instabilities are more likely to occur under these conditions and

could present serious problems. The questions of uniformity and symmetry

requirements on the pellet illumination are critical since they directly

impact on reactor design through the number and size of the beam ports

required. Some conceptual reactor designs assume f numbers of the laser

beams of 100 whereas the implosion experiments use lenses with f numbers <

3. Adiabatic compression calls for a shaped laser pulse with maximum

power occurring late in the pulse. This requirement presents a challenge

in laser design. Requirements on the pellet shell sphericity, uniformity,

and surface finish will be known only when the high compression studies

are successfully completed. Present design criteria are a wall thickness

uniformity of 200 nm and a surface smoothness of better than 50 nm.

Finally, the physical requirements for ignition and a propagating pellet

burn must be experimentally demonstrated.
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5.5 LICF REACTOR DESIGN

The design work on LICF reactors is still in the conceptual

phase. While many of the material requirements, the tritium handling

problem, and the tritium breeding problem are common to all DT fusion

reactors the pulsed nature of the pellet explosions presents some unique

problems for ICF. Problems to be accommodated in first wall design

include sputtering by charged particle bombardment, erosion resulting from

localized energy deposition by fast ions and neutrals and by soft x-rays,

and the high peak pressure stresses characteristic of ICF. Reactor

designs considered include dry refractory-metal walls with or without

graphite protection and/or magnetic shielding, walls protected by a low

pressure background gas, and firs', walls protected by liquid lithium.

Examples of the Li protected wall include the wetted-wall design of

LANL15 and the lithium waterfall16 and "HYLIFE"17 designs of

LLNL. The "HYLIFE" concept has liquid lithium raining down from the top

of the reactor in a number of free standing columns which acts to reduce

the peak pressure stresses on the first wall. A problem inherent in these

liquid lithium designs concerns the time required to reduce the contain-

ment vessel pressure to an acceptable level following the pellet explosion

and the time required for the liquid surfaces to reform. These times may

place unacceptably low limits on the pulse repetition rate. High gain

pellet designs have DT fuel cryogenically condensed on the Innermost

pellet wall. The means for satisfactorily injecting such targets into a

hot reactor environment are unproven. These and other problems of reactor
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design are reviewed in a recent report prepared for the Electric Power

Research Institute by K.A. Brueckner and AssociateslS.

5.6 REPRESENTATIVE PARAMETERS FOR LASER DRIVEN ICF SYSTEMS

The economic model presented in Section 10 is parameterized in

terms of the fusion reaction driver efficiency nD and the fusion

reaction Q. It appears at present that the KrF laser is most likely to

be the driver for any LICF rector and that its overall efficiency will be

<\, 5%, The energy gain of the target, Q + 1, is strongly dependent on

available driver power. Values of target gain calculated by the LLNL

target design group are given in Fig. 5.2, a figure taken from EPRI report

AP-1371. For a 1 KJ driver the Q value is <v, 20. It should be noted that

a further factor can affect the overall fusion reaction efficiency, namely

the efficiency of laser light absorption by the pellet. It is usual to

assume that this absorption will be 80% or greater.

The LICF based hybrid system listed in Table 10.3 assumes a 5 MJ

laser driver operating at 2% efficiency and a reaction Q of 100, a value

consistent with Fig. 5.2.

5.7 PROGRESS STATUS AND SCHEDULE (U.S.)

The U.S. civilian program in ICF has had a central electrical

power station as its primary goal. The current DOE schedule calls for the

selection of a driver system for an engineering test facility to be made

in 1987, or as soon thereafter as possible. In this connection they are
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Figure 5.2 Target gain as a function of driver energy, as calculated
by the target design group at LLNL. The calculations are
conservative estimates of realistic conditions for fuel
ignition and hydrodynamic stability. The upper limit of
the band is considered by LLNL to be reasonable for the
KrF laser, the lower for the heavy ion driver. An EPRI
study group concluded that this lower band provides a
reasonable estimate of the performance to be expected
with the CO2 laser and light ion drivers (from EPRI report
AP-1371, ref. 18).
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now embarking on a 5 year program to develop a KrF laser to the 100 kJ

level. The driver alternatives include light-ion-beams and heavy ion

beams. The ICF engineering test facility should become operational in the

period 1995-8. It is currently envisaged that the decisions relating to

an engineering test facility for magnetic confinement fusion technology

can be made somewhat sooner and that this facility will be operational in

1992-5. The subsequent two steps in the U.S. program are 1) construction

of an engineering power reactor facility based on the most favourable

technology and 2) construction of a commercial power demonstration

facility. These steps are expected to carry the program to 2020.

5.8 CONCLUDING REMARKS

The developments of the past three years have seen a very

significant increase in the driver energy requirement for a specified

pellet gain. The limited efficiency of laser devices, estimated to be

5% for KrF, ensures that a pellet gain of > 50 will be required for a pure

fusion power plant. As seen from Fig. 5.3, pellet gain of 100 calls for a

driver energy of 4 MJ. At 10 pulses per second the thermal power output

will be 4,000 MW. Since first generation power stations of such a size

are likely to meet utility resistance there is little range to accommodate

further increase in driver energy requirements, yet the major areas of

adiabatic compression to > lOOOx liquid DT density and of ignition and

propagating burn remain to be explored. At the present time the odds for

success in achieving economic power generation by this route are judged to

be small.
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The fusion-fission breeder application is much less demanding of

pellet gain. The analysis presented in Section 10 of this report

indicates optimum economic conditions are pretty well realized with pellet

gains of only ^ 10. The breeder therefore offers a more credible near-

term application for LICF than does a pure fusion power plant.
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6. INERTIAL CONFINEMENT - PARTICLE BEAMS

[L.W. Funk, H.R. Andrews, E.D. Earle, J.A. Hulbert and P.H.C. Lee]

6.1 INTRODUCTION

The process of inertia? confinement fusion (ICF), as described

in Section 5, can be carried out by other means. This section will

discuss the concept of carrying the energy to the ablation zone of the

pellet with intense beams of particles rather than with beams of light.

These particles may be macroscopic and uncharged, in which case the con-

cept is referred to as "impact fusion", or they may be charged atomic

particles, in which case the concept is referred to as electron, light ion

or heavy ion beam ICF, depending on the nature of the projectile.

The discussion will begin with a brief and roughly chronological

review of the development of these ideas. This will be followed by a

general discussion of the features common to all forms of particle beam

ICF. Each of the three main driver types (electron, light ion and heavy

ion beams) will then be discussed in detail. Impact fusion will be

discussed briefly later in this introduction. The section closes with an

overall assessment of the status and prospects of the various driver types

and specifications of the reference system to be used for economic com-

parison in Section 10.

The earliest suggestion that ion beams could be used to heat a

deuterium-tritium target to fusion temperatures came in 1960^, but it
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was not until 1968 that development of pulsed power technology advanced to

the point where it could be applied^ to the production of intense '>eams

of electrons or light ions (protons or deuterons) for ITF. Among those

involved in these developments in pulsed power were researchers at the

Sandia National Laboratories, who applied these techniques to generate

intense bursts of electrons which produced x-rays by bremsstrahlung in a

heavy metal target for tests of military interest. In the early seventies

they began to pursue electron beam ICF because of the increasingly

apparent shortcomings of laser drivers,, the improving correspondence

between the energy and power requirements cf ICF and the capabilities of

pulsed power systems, and the maturation of pulsed power technology.

The concept of impact fusion first arose in 1964 when it was

suggested3^ that macroscopic particles could be accelerated to

^ 2 x 1()5 m ;S"^ and then directed to strike a D-T target. This con-

cept has received little attention. Unlike the other approaches to be

discussed below, it has no well-established technological base. Further-

more, it faces engineering difficulties which are much more formidable

than those facing other ICF concepts. The Impact Fusion Workshop held at

Los Alamos National Laboratory in 1979 July62 concluded that, although

there were no fatal flaws in the scheme, there was no obvious research and

development program that would lead definitely to impact fusion power

generation.

In 1974, A.W. Maschke5 proved that heavy ions would also

make good drivers for ICF, and that it could be done with existing

technology. This suggestion was quickly taken up, and experimental
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programs and design studies were initiated at Argonne National Laboratoiy,

Brookhaven National Laboratory and Lawrence Berkeley Laboratory^-8.

In 1979, Sandia switched the emphasis of their fusion efforts

from electrons to light ions to take advantage of more advantageous energy

deposition and focusing characteristics. The Naval Research Laboratories

and Cornell University are participating in this program.

Paralleling the "main stream" activities in light ions, programs

have been established at Sandia9, TRW10 and Occidental

Research^1 to develop the technology of generating, accelerating and

transporting intense charge- and current-neutralized beams of light ions.

The US program in particle beam ICF is the largest and oldest,

and accordingly, it is the program on which the bulk of this report will

be focused. Germany has the largest program in Europe, centred at GSI in

Darmstadt. It is concentrated on the heavy ion ICF concept utilizing rf

linacs. Some accelerator development is planned. England and France have

smaller programs, focused on theory and calculation1^. The Japanese

effort includes relativistic electron and light ion beams'3 as well

as proposals for heavy ion accelerators14'15. Canada has no activity

in this area, although some aspects of the accelerator development program

at CRNL are related.

6.2 COMMON PRINCIPLES

The general principles of confinement and heating for particle

beam inertial confinement fusion are identical with those of laser ICF.

The driver is required to deliver adequate energy to the outer surface of
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a target to cause that surface to ablate. The reaction to the ablation

serves to compress the fuel volume adiabatically. Compression ratios of

103 to lO4 are required for high gain. As the compression stagnates,

a small central fuel volume is shock heated to ignition temperatures, and

a fusion burn wave propagates out through the cold compressed fuel. The

ablation and compression processes must be completed in a time short com-

pared to the mechanical disassembly time for the irradiated target.

The beam parameters which are required to satisfy these con-

ditions have not been fully determined, and in any case will vary with the

driver type, but some general principles can be enunciated.

In order to achieve high compression, the specific energy

absorbed by the ablator is required to be approximately 20 MJ-g"l 16#

The total energy requirement is then determined by the size of the target

and the range of the ion in the ablator material. Target size is general-

ly determined by beam emittance and particle kinetic energy. In spite of

wide variations of particle mass, charge and energy, and completely

different accelerator technologies, all the drivers are required to gener-

ate beams with total energies of 1-10 MJ, powers in excess of 100 TU and

power densities of 50 TW • cm"2 or more^,18# in addition, target

gain is expected to scale roughly as the square root of the total energy

delivered to the ablator for all driver types.

Particle beam inertial confinement fusion drivers all share the

advantage of having an efficiency of converting mains power to beam power

which is expected to exceed 20%17»Z0. This must be compared with

maximum efficiencies of 10% for CO2 lasers and 756 for KrF
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Iasers17»l9 . As w i l l be seen in Section 10, driver efficiency is one

of the key indicators of economic v iab i l i t y . In addition, al l the

particle beams are thought to have relatively more eff icient (compared to

lasers) coupling of the beam energy to the ablator, and to be free of

processes which cause that energy to be scattered or re-radiated. ,

A gas-f i l led reactor is preferred for- particle beam

drivers!9»21. The 1-10 kPa gas provides additional protection for

the f i r s t wall by absorbing the photon and charged particle radiation

emerging from the blast and i t provides a medium in which plasma current

channels may be formed to assist in the transport of l ight ion beams.

Heavy ion beams, however, may not be able to propagate at a useful gas

pressure, and in this case a variation of the HYLIFE22 lithium fa l l

reactor vessel is proposed with beam propagation in vacuum.

There are also three major technical d i f f i cu l t ies which the

different drivers have in common. The f i r s t is the propagation and

focusing of intense charged particle beams in the face of very large space

charge forces.

The second common technical problem is the uncertainty of the

physics of pellet implosion. Questions remain about the coupling of

energy at high power densities, the efficiency of ablation, the importance

of instabilities and related issues of target smoothness and illumination

uniformity, the feasibility of adiabatic compression and allowable

departures from true adiabaticity, the conditions for ignit ion of the

central core, and propagation of the thermonuclear burn front. These

questions will require the development of a breakeven or reactor-scale

driver for their resolution.
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Finally, all the drivers must overcome the problem of designing

a reactor vessel which can withstand the intense neutron and charged

particle flux, high temperatures, thermal cycling, and blast waves while

maintaining good conditions for beam propagation, and which can continue

to do so for long enough to make the system economic.

A difficulty, for those not in the field, in assessing the

likelihood of any particle beam ICF driver successfully igniting a target

arises from the inaccessibility of the target performance codes due to

security classification. Proper target design 1s essential to achieving

ignition with 20 MJ/g absorbed by tha ablator, a figure near the theoreti-

cal minimum. Operation, away from the minimum can raise the specific

energy required by one or even two orders cf magnitude^.

6.3 ELECTRON BEAMS

Electron beam generators have been bui l t with pulse energy of

several megajouies30, pulse lengths of tens of nanoseconds2^ and

conversion efficiency (beam energy relative to stored energy) near 50%.

This proven generation efficiency and high pulse energy suggested that an

electron beam generator might be developed for fusion igni t ion. For the

short (< 40 ns) pulses required, special switch gear has been developed,

high-capacity high-discharge-rate storage elements studied, and at present

a 30 TW machine is under test following assembly in early 1980.
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Marx generators are used to charge a transmission line pulse

shaper. In the latest short pulse machines an intermediate water

dielectric fast energy storage capacitor is used to match the Marx bank to

the transmission line. The preferred form for a high power machine is to

have Marx generators arranged in a circle, with the pulse lines converging

onto a central diode in which the electron beam is generated. By

changing polarity and modifying the diode, positive ion beams may be

produced. Table 6.1 gives some parameters of the most recent machines,

all of which operate at about one shot per hour23.

Although electron beam sources approach power and energy levels

of interest to ICF, the concept suffers from two major problems in the

coupling of the beam energy- to the ablator. The first is that ranges of

electrons in matter are relatively long, which tends to make large targets

mandatory. This can be counteracted, to some extent, in two ways. The

layer of the target in which the electron energy is absorbed can be made

of a high density material in which the range is small, and the effective

range may be reduced still further by magnetically bending the electron

trajectory in the target using the beam self-field or externally applied

fields'?.

The second problem is that the electrons generate appreciable

bremsstrahlung as they are stopped in the ablator and this radiation

passes through the core material, preheating it and making efficient com-

pression more difficult. This effect may be reduced by going to more com-

plicated and expensive target designs.



Table 6.1

Technology Development

Pulsed Power

Sandla National Laboratory

Driver Name

PROTO I ( 1 )

PROTO I I ^

HYDRA MTTE(3)

PBFA 1 ^

SUPERMITE(5)

PBFA II

PULSELAC B

PULSELAC C

First
Operation

1974

1976

1979

1980

1980

(1985)

1979

1982

Modules
(Beams)

6

8

1

36

1
4

72

1

1

Peak
Volts
(MV)

2.0

1.5

1.9

1.9

4

4

0.7

4

Peak
Current
(MA)

0.5

6

0.5

15

0.4
1.6

30

0.006(C+)

0.005(C+)

Peak
Power
(TO)

1

10

0.8

30

1.4
5.6

100

0.004

0.05

Peak
Energy
(kJ)

20

250

30

1000

50
200

4500

2

1

Pulse
Duration

(ns)

25

20-80

40

40

35

30

500

50

Notes: (1) PROTO I can generate a single vertical electron beam, or two vertically opposed
electron beams, or a single radial light ion beam.

(2) Similar configuration to PROTO I, except that 12 radial electron beams may be
produced. Pulses of 130 kJ of ions have been created.

(3) HYDRA MITE Is capable of driving either an electron beam or an Ion beam and is
the prototype for PBFA I.

(4) The first test of PBFA I in 1980 July produced 800 kJ and 20 TW.

(5) Ion beam only and prototype for PBFA II.
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It has already been pointed out that beam transport to the

target is a problem for all particle beam ICF schemes. This problem is

relatively more severe for electrons because of their low mass. Thus

reactor designs tend to have short final drift distances, small reactor

chambers and low power levels to keep the materials problems at a tolera-

ble level. Since the targets are large, the input energy requirements are

also large and the system gain is small, typically less than 10. Such

reactors are not credible as pure fusion electric power sources, for wnich

a rough rule of thumb^3 is that the product of driver efficiency and

gain should be equal to or greater than 15. However, their use in a

fusion-fission hybrid scheme is not ruled out.

These last constraints may be eased somewhat if developments in

beam transport continue to be favourable24-29, it seems to be widely

accepted that the most likely system for delivery of an electron or ion

beam to a target is via a preformed plasma current channel created in the

background gas. Propagation of ion beams have been demonstrated in

current channels over distances up to 1 m^l. There appear to be no

current instabilities with sufficient growth rate to cause trouble over

the beam flight time^. The difficulties with this method of beam

transport are

1. Channels of 5 m length have yet to be demonstrated for either

electrons or light ions.

2. The demonstrated current density is about one order less for

electrons and two orders less for ions than that theoretically

required for proposed ignition experiments.
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3. The channel formation energy for electrons is comparable to that

carried by the beam. The energy required to form an ion beam

channel depends on the initial divergence of the beam and may be

reduced to a small fraction of the beam energy if the beam can be

prepared with low divergence.

4. Channel formation requires an electrode at either end. Since

there cannot be an electrode at the centre of a reactor cavity

the channel(s) will have to run diametrically across the cavity.

This implies starting the channel(s) with a laser beam, mini-

mizing the number of channels and even so having a very complex

cavity wall and ignition system.

Recent experiments have shown that the channels can be initiated by a

Iaser23f which should greatly simplify channel formation and reduce

the energy requirement, assuming that some means is developed to ensure

the integrity of the target during the channel formation process.

In addition to the scientific feasibility questions discussed

above, electron beam fusion has to surmount the equally difficult

engineering problems of designing a reactor and driver which are capable

of high pulse rate. For fusion pellets delivering 20 MJ per ignition, a

reasonable-sized reactor would need a pulse repetition rate of 20 pulses

per second to give 100MW(e)out at a conversion efficiency of 25%. Whether

or not these figures are representative of an actual fusion reactor it is

clear that a pulsed driver will have to be operated at 10's of pulses per

second. All of the high power machines developed at Sandia so far operate

at about one pulse per hour. It is therefore important to ask whether
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pulsed power particle beam machines can be developed to operate at an

adequate repetition rate.

The pulse rate limitation arises from power dissipation in

machine components. Transformers must be developed for interstage

coupling, effective cooling introduced into all components- and all

unnecessary power flow eliminated. A program of component development has

been in progress at Sandia for several years33,34 b a s ed on RTF I, a

repeticively pulsed Marx generator capable of 300 kV, 20 kA pulses ax. up

to 100 Hz. Resonant air-core transformers, 92% efficient for voltages up

to 3 MV, have been developed. Electron diode lifetimes at 250 kV, 40 kA,

and up to 30 Hz have exceeded 1.6 x 10^ pulses. A new repetitively

pulsed Marx generator, RTF II, is being tested at 1 MV, 10 kJ per pulse at

10 Hz. The lifetime of high voltage spark gap switches based on present

techniques is expected to be within an order of magnitude of reactor

requirements.

Superficially a reactor for light particle beam fusion should

not differ significantly from one for heavy particles or lasers. Matters

of power loading, energy extraction and blanket design, which are dictated

by pellet fuel content and repetition rate must be similar. Until some

means of focusing the compressing beam on target are demonstrated, the

details of reactor design in the combustion chamber and the beam launching

areas of the wall cannot be sensibly discussed. One question can be

addressed at the present stage of development and that is the effect on

the energy absorbing 'first wall1 of the low pressure gas needed in the

combustion chamber to support current channel focusing.
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Generally the presence of the gas smooths out the pellet

explosion impulse in time and eases the wall structure require-

ments21 >35. The blast wave propagated in the gas is a threat to the

integrity of the power transmission lines and jeam sources surrounding the

combustion chamber and these will need to be protected with synchronized

rotating shutters. Unavoidable impurities in the buffer gas lead to

enhanced rates of erosion of the first wall. Studies at Sandia indicate

that a suitable combination would be a wall of oxidized 316 stainless

steel with a buffer gas of commercial purity helium. Erosion should not

exceed 2-3 mm per year.

The electron beam group at the Kurchatov Institute is concen-

trating on plasma compression by implosion of a cylindrical foil conductor

carrying a high current4*, thus avoiding problems of electron range

for energy deposition and beam focusing. This approach should require an

input power similar to that for direct electron beam compression^.

Doubts have been expressed at Sandia44 that such an implosion could

give adequately uniform spherical compression, and it is difficult to see

how the concept could be developed into a reactor. Nonetheless, the

Sandia machines have been designed to allow experiments to be done on

tubular foil systems.

6.4 LIGHT ION BEAMS

It is possible to generate intense pulsed ion beams with an

efficiency similar to that achieved in the production of electron beams by

reversing the polarity of the electron beam machines discussed above, and
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by providing an electron trap. Recent experiments have demonstrated that

ion diodes with curved anodes to provide focusing of the ion beam can

achieve surface proton current densities of 100 MA m~2, and that the

current density at the diode focus can reach 2 GA-nr2 36. The total

current produced from a single diode was ^ 1 MA. The efficiency of the

diode in generating ion current was > 80% for protons and 60% for

deuterons. Since ^ 50% of the stored energy is delivered to the diode,

this provides an overall efficiency of 30-35%. There are some indications

that this figure can be increased30.

Light ions may well prove superior to electrons as a fusion

reactor driver for the following reasons:

1. Light ions have a shorter energy deposition range than electrons

of the same energy (̂  2 orders of magnitude). Pellets can be

simpler. A higher particle energy can be used, which reduces

the current requirement. No non-linear absorption mechanisms are

required.

2. Ion beams are stiffer and can be formed with lower emittance.

The distance to the target can be greater, reducing reactor wall

and focusing element damage, or increasing reactor size and power

at a fixed wall loading.

3. The core preheat problem is essentially eliminated.

4. Transport of ions in plasma channels is expected to be more

efficient than transport of electrons29. Channel creation

energy is reduced because the ion currents are lower and the beam

is stiffer.
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5. The ions are non-relativistic and the power requirements of the

driver are reduced, since voltage ramping at the diode wi l l allow

bunching and power compression during the d r i f t to the target.

The output of PBFA I I (100 TW, 4 MJ), scheduled for completion

in 1985, w i l l permit experiments on ignit ion of a fusion target in

1986-1987, although a beam voltage higher than that of PBFA I I would be

desirable. The design goal of 4 MV was undoubtedly established as a

reasonable advance on existing drivers, and i t remains to be seen i f the

teci>niques of pulsed power can be pushed much beyond this level23,

The PULSELAC program at Sandia is the best documented of the

three programs aimed at the generation, transport and acceleration of

intense charge- and current-neutralized beams9>38-42) which could

provide an extensive array of new options for accelerators for ICF by

eliminating or greatly reducing the effect of space charge defocusing.

The PULSELAC approach permits the transport of very large beam currents

(3 kA of C+ ions have been op ined 3 8 ) by introducing electrons into

the ion beam volume. Acceleration is via magnetically insulated gaps in

an induction l inac. By shaping the magnetic f ie ld in the gap, the

electron distr ibution can be shaped to provide focusing. Early experi-

mental results are very encouraging, but the program is at too early a

stage to be intensively considered.

A group at Occidental Research11 is working on a concept

employing ba l l i s t i c focusing of a current- and charge-neutralized 7 MeV Li

beam from a large area spherical emitter surrounding the target. The

accelerating voltage would come from pulsed power systems. The physics of
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such a procedure seems sound, but the development of the ion source and

neutralizer require large extrapolations from established technology.

The Light Ion Fusion Experiment (LIFE) concept of TRWi°

extracts cold ions (D or He) from the afterglow of a large area rf plasma,

accelerates those ions using pulsed power techniques in a multi-aperture,

mult i -gr id structure which provides electrostatic quadrupole focusing and

neutralizes them from electron sources at the accelerator output. The

beam is strongly bunched (factors of 50-100) by programming the acceler-

ating voltage. Bunching occurs during the ba l l i s t i c d r i f t to the target.

L i t t l e experimental information is available from either of the last two

programs.

Although l ight ions have some advantages over electrons for ICF,

they share a l l the engineering d i f f i cu l t i es mentioned in section 6.3 in

the design of a reactor vessel and in the achievement of high pulse repe-

t i t i o n frequencies.

6.5 HEAVY ION BEAMS

The use of large beams of low charge state, high energy heavy

ions (e.g. Xe, Hg, U) to igni te ICF targets has been under active study

for about f ive years. Most of the relevant background material is con-

tained in the proceedings of the annual Heavy Ion Fusion Workshops^-S

and the reports of K«. rmannsfeldt37 and Bruechner19. The

following sections w i l l outline the probable advantages of HIF, describe

the conceptual designs that have been considered, discuss the problem
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areas that are perceived and finally describe the proposed R and D program

in the USA and its present realization.

The general requirements for HIF are believed to be 5-10 GeV

singly or doubly charged heavy ions (Xe to U), energy deposition of 1-10

MJ, instantaneous currents of about 10^ amperes in 10-20 beams and

instantaneous power of 100-300 TW. The current requirements are about

103 times smaller than those for light ion induced ICF.

There are several advantages claimed for heavy ions as ICF

drivers. Among these are the following:

1. Classical energy deposition - the average beam-particle separa-

tion in the target is about 103 Oebye lengths and collective

affects in the stopping process are neither expected nor

required.

2. It is felt that the requirements for HIF can be met with only

modest extensions of present technology as embodied in high

energy accelerators for physics research.

3. The ion velocities at full energy are sufficiently low that beam

bunching techniques can be used in the final drift to increase

beam power.

4. The major accelerator components are well away from blast damage

from the thermonuclear burn.

5. High reliability and availability have already been demonstrated

at research accelerator facilities.

6. Accelerator systems should be capable of overall efficiencies of

30% in conversion of energy from the electrical mains to beam energy.
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Several kinds of accelerator have been proposed as drivers for

heavy ion inertial confinement fusion, but after detailed examination, the

number of possible candidates has been reduced to two—the rf linac

and the induction linac. The major technical difficulty facing heavy ion

fusion is overcoming space charge defocusing at the low energy end of the

accelerator and in the final drift to the target. The two accelerator

types represent two different approaches to the problem of space charge at

low energy.

Heavy ion linacs for ICF are large, up to several kilometres in

length, and correspondingly expensive. Design issues centre on reducing

the length. This may be achieved by increasing the accelerating gradient

or by increasing the charge-to-mass ratio of the ion. The gradient may be

increased by using more power, up to the limit set by the onset of

sparking. Reference designs take this approach. Increasing the charge-

to-mass ratio also compounds the difficulty of transporting the beam.

Presently the optimum charge state^ seems to be about +4.

Compromises are also necessary at the high energy end of the

machine. Requirements of good beam transport and focusing would have the

beam energy as high as possible, certainly more than 10 GeV and prefer-

ably 20 GeV. Requirements of efficient ignition and high gain would have

the energy less than 10 GeV, preferably 5 GeV. Doubling the energy from

10 GeV to 20 GeV does not halve the current requirement, because the

increased range of the beam in the ablator calls for a thicker ablator and

more total energy in the pulse. It does make the beam stiffer, however,

which with the slight current reduction may ameliorate space charge
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defocusing to permit a smaller focus. Conversely, halving the energy from

10 GeV to 5 GeV does not double the current required, but will certainly

increase the focusing difficulties. The present compromise on reference

parameters calls for 10 GeV uranium ions with a total Jeam energy of 3 MJ

in a 10 ns pulse focused into a 2.5 mm radius spot^8.

Present technology, with modest extrapolations, is adequate to

construct a HIF driver. The largest uncertainties appear to be the final

focusing of the beams onto the pellet at the centre of the reactor

vessel^. If the chamber pressure is less than 10"3 Pa the beam

will propagate as in vacuum and acceptable beam foci will be achieva-

ble1^. The current limit under these conditions^ is

where p = v/c and q is the ionic charge. For 1|2+ at 10 GeV this gives

1084 amperes. At pressures between 250 and 650 Pa of low atomic number

gas, kiloampere beams of multi-GeV heavy ions may propagate stably in a

gap between excitation of the two-stream instability and the onset of

filamentation. Finally there is a possibility that such a beam may form a

current channel at ^ 1200 Pa pressure similar to that used in electron and

light ion beam experiments46. Much more theoretical and experimental

work is required to establish these last two possibilities.

These pressure considerations are critical because of the

reaction chamber requirements. It is simultaneously necessary to protect
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the f i r s t wall from blast damage, maintain a pressure regime suitable for

beam propagation and maintain an environment in which the pellets w i l l

remain intact unt i l struck by the beams.

The range of radiation environments that might obtain after a

burn of from 30 to 300 MJ are summarized as fo l lows1 9 :

X-ray energy 0.1 to several keV

X-ray fract ion of y ie ld 2% to 15%

Pellet debris

l igh t ions H, D, T, He

heavy ions (examples) Be, L i , C, 0, S i , Fe,

Au, Pb, W, Ta, U

Light ion debris energy 10 to several hundred keV

Light ion fraction of yield 5 to 20%

Heavy ion energy 10's to 1000's of keV

Heavy ion fraction of yield 0 to 20%

Neutron energy several MeV to 15 MeV

Neutron fraction of yield 70 to 80%

For high yield explosions some form of wall protection is

necessary. For example a chamber radius in excess of 20 metres is

required to prevent melting of a stainless steel surface by the l ight ion

debris from a 1000 MJ burn. Low pressure gas has been proposed to absorb

low energy x-rays and ions, but high atomic number gases are best for th is

application and they may not be compatible with heavy ion beam

propagation.
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The solution favoured by ANL and LBL is a fluid wall reactor

such as the "HYLIFE" concept proposed by Lawrence Liverraore National

Laboratory^. It can operate with yields of several thousand MJ.

Neutron moderation and absorption in the array of flowing liquid lithium

jets should allow the steel walls to be good for the 30 year lifetime of

the plant.

"HYLIFE" might be able to operate in the 100 Pa pressure regime

but lithium aerosol formation is a potential problem. To reach the low

pressure regime of £ 10~2 Pa the Li temperature would be limited to

about 400°C although surface temperatures following an explosion would be

much higher. An unanswered question is how rapidly thermal equilibrium

will be re-established after a burn so that the vapour pressure will be

low enough for the next cycle. Liquid Pb4Li is an option with better

shielding and lower vapour pressure but its detailed physical and chemical

corrosion properties and achievable tritium breeding rates remain to be

established. The volatility of the radioactive Pb is a worry in the case

of a catastrophic leak or Li fire. A positive point is that a heavy ion

driver can service many chambers, and the repetition rate in each can be

kept low.

A three stage program has been proposed for HIF development in

the USA20. The stages are 1) Accelerator Development Facilities

(ADF) - one each for rf Unac and linear induction systems; 2) Heavy Ion

Demonstration Experiment (HIDE); and finally the Engineering Test Facility

(ETF) which would be an upgrading and extension of the HIDE system. Their

properties are as summarized in Table 6.2.
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Table 6.2

Possible Three-Stage Program fo r a L1nac Based Heavy Ion Driver

ADF

HIDE

ETF

Ind

r f

Total
Energy

(kJ)

0.5 - 2

1 - 4

2 0 - 1 0 0

0.6 - 3 MJ

Peak
Power

(TW)

0.01

0.1 - 0.4

2 - 1 0

60 - 300

Kinetic
Energy

(GeV)

0.03

1 - 2

5

20

Beam
Current*

(kA)

0.1 - 0.2

1 - 2

1 - 4

6 - 3 0

Ion

C s 1 ' 2

Xe+8

U+ 2

U+ 2

•Electrical current.

6.5.1 RF Linacs

Reference designs for HIF systems based on r f linac technology

have been presented by Brookhaven and Argonne National Laboratories. The

BNL system would deliver 10 MJ in 200 TW pulses of 20 GeV U2+ in 8

beams of 2500 amperes each. I t is based (Fig. 6.1) on an r f linac system

feeding a 1000 m radius mult ipl ier ring which injects into a 100 m radius

mult ipl ier ring which in turn charges eight 100 m radius accumulator

r i ngs.

The f i r s t ANL system,"Hearthfire-2" (Fig. 6.2),is a 1 MJ, 160 TW

rf linac based system delivering 63 kA of 20 GeV Hg8+ in 18 beams.

The other ANL system, "Hearthfire-3"59 (Fig. 6.3), is an r f linac fed

rapid cycling synchrotron, capable of delivering 1 MJ in 24 beams of 20

GeV Xe8+-
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Conventional Sources (8)

(8) 2 MHz

WiderOe
Linacs . (4) 4 MHz

(2) 8 MHz

Alvarez
Linacs

192 MHz

Multiplier 4
Rings

Accumulator
Rings (8) R 100 m I

Beams on Target (8)

+1

20 mA, 6 MeV
strip to U+2, 50% eff.

40 mA, 13 MeV

80 mA, 30 MeV

160 mA, 120 MeV

160 mA, 480 MeV

160 mA, 20 GeV

10 turn H inj., 1.6 A

interchange H 6 V

10 turn H inj., 16 A

compressed 30x, 500 A

compressed 5x, 2500 A

total current on target 20 kA

total power "2 - x 20 GeV

» 200 TW

Figure 6.1. Functional sketch of BNL reference design for 10 MJ, 200 TW rf
linac based ICF driver (Numbers in parentheses are numbers of
parallel units) (from ref. 7, p. 168)
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Conventional Sources (2)

(2)

WiderHe
Linacs

s(2) Jj.
12.5 MHz I I

+1

Alvarez
Linacs

25 MHz

100 MHz

200 MHz

Debuncher, & x

Delay-Stacking
Hairpins £ Rings

h = 22

Compression
Rings &
Cavities

Beams on Target ((8)

50 mA, Hg

kO mA, 10-206MeV
strip to Hg+B, 202 eff.

128 mA, 160 MeV

128 mA, 4.k GeV

128 mA, 20 GeV

stacking multiplication
(Wt)x(Wi) = 256, 75% eff.
H V

2k A

Compressed 2x74x, 3.5 kA
debunch/rebunch h = 22 +

total current on target 63 kA

total power K^ x 20 GeV - 160 TW

Figure 6.2. Functional sketch of ANL reference design for 1 MJ, 160 TW
rf linac based ICF driver (Numbers 1n parentheses are numbers
of parallel units) (from Ref. 7, p. 167)
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Conventional Sources (2)

(2)

Wideroe
Linacs

Alvarez Linac

Synchrotron, (8)
60 Hz

Rebuncher
Ring

Compressor
Rings (16)

Beams on
Target (2k

12.5 MHzj

25 MHz

100 MHz

o
o

20 mA, Xe+1

10 mA, 11 MeV
strip to Xe °, 201 eff.

30 mA, 160 MeV

30 mA, k.k GeV

3x3 turn inj., h =80
0.6 x 1012 ion/pulse

20 GeV

,12
2 turn inj., 1.2 x 10 ion/pulse
debunch/rebunch h = 80 •* 2

16 pulses inj., 2 x 10 ion/ring
debunch/rebunch h = 32 •+• 1 or 2
compressed 65x

total energy on target

16X2X10 I 3X20 GeV -

= 1 MJ

GeV

Figure 6.3. Functional sketch of ANL reference design for 1 MJ, 100 TW
synchrotron based ICF driver (Numbers in parentheses are
numbers of parallel units) (from Ref. 7, p. 169)
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Estimated costs for linac systems? reflect a scaling of cost

as (total energy)0'^ as a result of the increase in current as the

beam kinetic energy increases. This scaling is being questioned^ as

target considerations are pushing up the power requirement but lowering

the energylS.

The reference designs were based on established accelerator

technology. The interest in HIF has stimulated developments in the

handling and acceleration of low energy heavy ion beams, particularly in

the use of electric quadrupoles, both dc48,51 and rf
4 9» 5 0> 6 0, and

in the concept of beam "funneling"6"8.

The present goals of the ANL group52 are to demonstrate the

rf linac driver technology necessary for a major HIF facility and to

provide beams for physics experiments at the kilojoule level. The first

phase will be to accelerate, store and target 220 MeV low emittance heavy

ion beams; the second phase is to use a synchrotron for acceleration to 10

GeV. The details are given in Table 6.352.

The ANL high current ion source has been operated successfully,

delivering 100 mA of Xe+, and 50 mA pulses have been accelerated to 1.3

MeV. The normalized transverse emittance of the 1 MeV beam is

1.9 x 10"? rad-m. The first three sections of the low-beta linac

will soon be operational while progress on the construction of the Wideroe

tank is limited by funding.

Features yet to be demonstrated are longitudinal and transverse

phase space preservation, demonstration of successful funneling and the

final focusing and beam transport.
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Table 6.3

Parameters of Beam Development Facility

with one Single-Pulse Synchrotron

Ion Source and dc Preaccelerator:

Low Velocity (12.5 MHz) Linac:

Stripper:

25 MHz Linac:

Synchrotron Ring

Radius -

Injection -

Acceleration Rise Time -

Repetition Time -

Final Instantaneous Beam Current -

Beam Pulse Energy -

Emittance at Extraction -

Pulse Compression (post-acceleration):

Final Pulse Length/Power:

Final Momentum Spread (AP/P):

Transverse Beam Splitting:

Target Spot Radius:

Ion Range (in cold Au foil):

Maximum Temperature Achievable in

Target (Au):

Average Specific Deposition Energy:

Xe + 1 to 1.5 MeV at 40 mA

Xe + 1 to 20 MeV at 25 mA

Xe + 1 + Xe + 8 at 20 MeV

yielding 40 mA (el.)

Xe*8 to 220 MeV at 40 mA (el.)
+8

Xe : 220 MeV Injection,

10 GeV Final Energy

25 m

8 turns

0.1 s

10 s

25 A

3 kJ

7.5 v x 10"5 rad-m

x 24

5 ns/0.6 TW

± 0.5 x 10"

x 4 horizontal, x 4 vertical

0.45 mm

0.25 mm

50 eV

1.0 MJ/g
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6.5.2 Induction Linacs

The important advantage of the induction linac53"58, under

development at LBL for heavy ion ICF, is that it is capable of acceler-

ating beams with very large transverse dimensions. This avoids stacking

in transverse phase space which requires several multiplier rings in the

rf linac proposal. The concept of beam "funneling" with its potential for

emittance dilution is avoided entirely, and no parallel injectors are

required.

The beam is accelerated by a series of inductively driven drift

tubes with magnetic quadrupole focusing. As the drift tubes are indi-

vidually driven it is possible to shape each voltage pulse to provide

optimum characteristics. A major objective of the development program is

to modify the beam velocity distribution in this way in the early stages

to maintain a constant bunch length throughout the accelerption process,

producing current multiplication. If this can be achieved, it will

1. reduce the current density and peak power required of the source

to the point where only a single source is needed,

2. permit programming of the current growth rate to insure that the

instantaneous current is always below the space charge limit, and

3. allow higher voltages to be used in later stages of the acceler-

ator, which will shorten the accelerator and increase its

efficiency.

The voltage pulses must also supply longitudinal restoring

forces to offset space charge defocusing. Once the full energy of the

accelerator has been reached, the beam pulse is further bunched in a
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section of modules with a sawtooth ramp to reduce the pulse length from

175 ns to 10 ns. The beam is then split to provide for uniform illumi-

nation of the target.

Other critical questions which have to be answered are the

stability and limits of the time compression and bunching processes, the

amount of emittance dilution produced by the beam splitting process, and

transverse and longitudinal controllability of the beam. Since beam-

instability effects are most likely to be encountered at the low velocity

end of the machine, good results on the iow energy systems presently under

design or test will give high confidence that beam control can be achieved

on a higher energy machine.

LBL has proposed57 a five-step development program en route

to a full-scale Engineering Prototype Reactor and Demonstration Plant.

These five steps are as follows:

1. 4 J system - presently under construction with reliable

operation of the 500 keV Cs+1 ion source

established.

2. 500 J system - proposed.

3. 100 kJ system - should achieve breakeven.

4. 1 MJ system - Engineering Test Facility - low pulse rate.

5. 10 MJ system - Engineering Prototype Reactor.

The 500 J system (step 2) has been deferred and an intermediate size

accelerator for 50 J is being proposed instead. In any case, a decision

will have to be made before the 100 kJ system is begun, on whether it

should be an induction or an rf linac.
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A number of high pulse repetition frequency induction linacs

have been built, so that achieving the high average power required for a

reactor application should not be a problem.

6.6 OVERALL ASSESSMENT

Electron beam driven ICF seems to be the least viable of the

four particle beam approaches because of the more difficult beam transport

problems associated with it and because of the less favourable particle-

pellet interaction. It is certainly difficult to see it as a fusion-

electric power system and it has been assigned a low priority in the US

fusion program.

It is much too early to make a sound technical judgment among

the remaining three candidates. Light ion beams will almost certainly be

the first to reach breakeven and ignition beam conditions, perhaps as soon

as 1985, but engineering a reactor system will be an exceedingly difficult

task. Engineering of a reactor for an HIF system should be easier, but

neither of the front-running heavy ion drivers are near to achieving the

required beam power and energy, and large driver development programs are

required. Until recently, the rf linac would have been given the edge in

this competition, but the recent cut-back of funding for heavy ion fusion

research and the support pattern which is developing from it, may give the

induction linac a chance to catch up.
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All the drivers must explore the problems of target physics and

achieve significant gain. Some aspects of this target physics may be

relevant to weapons design and are therefore classified. The proponents

of civilian applications of ICF must seek to minimize any adverse impact

on the program arising from security restrictions.

6.7 REPRESENTATIVE PARAMETERS FOR BEAM DRIVEN ICF SYSTEMS

The economic model presented in Section 10 is parameterized in

terms of the fusion reaction driver efficiency np and the fusion

reaction Q. The particle beam drivers are expected to operate at

efficiencies of greater than 20%17>20. Projected operating

parameters for systems based on each of the four particle beam driver

systems discussed in this Section are summarized in Table 6.4.

These systems were based on published information, but those for

the heavy ion systems were significantly scaled down to allow easier com-

parisons with other systems in Section 10. The scaling was done by

assuming an estimate of pellet gain which was more pessimistic by a factor

of two than the reference value-^, reducing the total input energy

and scaling the current according to the maximum set by space charge

limits. The results are given in Table 6.4. The reaction Q values for

these specific cases are as follows: electron driver 10, light ion driver

100, rf linac (heavy ion driver) 20 and induction linac 25. It should be

noted that in the light ion case cited here the target gain (Q + 1) is

significantly greater than indicated by the projected pellet performances

of Fig. 5.2.



Table 6.4

Reference Particle Beam Fusion Systems

Input Particle Energy

Ion Species

Input Pui.se Energy

Fusion Energy per Pulse

Pulse Repetition Frequency

Accelerator Efficiency

Electron

3 MeV

electron

10 MJ

100 MJ

10 Hz

20-40%

Driver
Ion RF

5 MeV

proton

1 MJ

100 MJ

10 Hz

20- 40%

Linac

8 GeV

1 MJ

20 MJ

15 Hz

40%

Induction Linac

7 GeV

U+

1.2 MJ

30 HJ

15 Hz

15-3OZ
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7. THE FIRST-WALL PROBLEM

[D.P. Jackson]

7.1 INTRODUCTION

The 'first wall1 in fusion devices is of the first solid barrier

which the plasma particles encounter within the reaction vessel. This

first wall usually includes not only the vacuum wall of the reaction

vessel but the surfaces of limiters, divertors and various sorts of

protective barriers. The performance requirements of the first wall are

that it a) maintain vacuum tightness, b) operate at elevated temperatures

with repeated thermal cycling, c) withstand stresses arising from external

pressure and large temperature gradients, d) maintain dimensional

stability and mechanical properties in the presence of large radiation

fields, exhibiting minimum creep and embrittlement, e) require a minimum

of maintenance, f) exhibit very low levels of neutron induced radio-

activity, and g) exhibit a low rate of erosion under intense ion and high

energy neutron bombardment. The material demands posed by this broad

range of performance requirements are formidable. While these first-wall

requirements apply in broad terms to all fusion devices they face their

most demanding tests in magnetic confinement devices in which the plasma

must exist in quasi-equilibrium with the wall environment in contrast to

inertial confinement fusion in which the fusion reaction occurs over such

a short time span that wall behaviour has no effect on the reaction

Itself.
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Historically, most plasma physicists regarded the first- wall

problem to be that of the erosion and overall deterioration of the wall

itself. In tokamaks, the first-wall problem has come to mean much more

than might be implied from the list of properties given above. In the

past decade it has been realized that tht first wall and the plasma inter-

act in a complex and highly coupled manner that crucially affects the

behaviour of the plasma and hence the machine performance. Thus what was

formerly assumed to be one of several "engineering" problems, to be

deferred until the distant reactor building phase, has recently become an

integral part of the ongoing effort to push machine performance to break-

even - in effect the first wall problem has become a "physics" problem.

This point is worth emphasizing by means of a concrete example.

J.L. Cecchi2 has calculated that a 0.5% concentration of Fe

(from the first wall) in the TFTR TFM plasma (an upgraded TFTR operating

mode) would result in a 20% fractional reduction in the operating 6 and

a 40% reduction in Q. This reduction in performance is due to the com-

bined effects of radiative losses (7.3.3) and light ion depletion (7.3.2).

Thus it is clear that the control of first wall impurities is an important

factor in ensuring that magnetic confinement devices achieve their design

performance characteristics. Indeed McCracken and Stott' argue that a

significant proportion of the improvements achieved in the operating

parameters of recent tokamaks can be attributed to cleaner plasmas.



149

7.2 MECHANISMS OF PLASMA INTERACTION WITH THE WALL

The discussion of plasma-surface interactions will deal first

with the various fundamental physical processes by which the plasma inter-

acts with the material of the first wall. The effects of materials

released and reflected from the first wall on the confined plasma will be

dealt with in the next Section, 7.3.

7.2.1 Reflection

The light ions constituting the plasma (H, D, T and He) undergo

collisions with the wall surface; some will be reflected and some will be

retained within or upon the wall. The particle fluxes to the wall at

reactor conditions are large (e.g. ^ 10l5_i()16 s-l • Cm-2)

and in a reasonable plasma burn time a given particle may recycle from the

plasma to the wall many times. Hence the characteristics of these

reflection processes determine the boundary conditions of the outer layer

of the plasma,i.e. the plasma sheath. The reflection probability of an

ion depends on its energy and angle of incidence to the wall surface and

of course on the ion species and the composition of the wall. In

practice, the particles striking the wall will be distributed in space and

energy but the precise nature of these distributions is as yet unknown.

Some of the ions will originate in the plasma sheath region having a

Maxwellian energy distribution characteristic of the boundary temperature

and a cosine-type spatial distribution. Thus substantial numbers of

relatively low energy ions (£ 1 keV) are expected to strike the walls.
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Higher energy particles (̂  12 keV) formed, for example, when an ion in the

hottest part of the discharge undergoes charge exchange to become an ener-

getic and magnetically unconfined neutral will also impact the walls.

Similarly, some portion of the particles injected into the plasma from

neutral beam heating systems can be expected to impinge on the walls with

energies of 15-60 keV. Experimental studies using accelerators and theo-

retical calculations have resulted in a good understanding of reflection

in the region > 1 keV. Little experimental data is available for lower

energies.

7.2.2 Reemission

The ions not reflected will be reemitted from the wall in a dis-

tribution characteristic of the wall temperature. It has been found that

in most candidate wall materials the retention of plasma ions saturates at

doses above 10^-10^5 particles 'cnr^. Hence an equilibrium

between the incoming and outgoing particle fluxes will be set up after a

few pulses in a typical tokamak. The retention of ions in the wall

strongly affects the fueling characteristics of the machine. For TFTR, for

example, one can expect about 1-100 g of T for a 50-50 D/T plasma to be in

the wall at any given time.

7.2.3 Blistering

If the trapping of light gases in the wa'l material is higher

than described in 7.2.2, because of strong bonding between the gas atoms
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and defects in the solid, a further phenomenon known as blistering may

occur. Essentially the strongly bound gas atoms coalesce to form gas

bubbles which in turn form progressively larger bubbles. Eventually when

large bubbles migrate close to the wall surface they can burst and in this

process inject microscopic flakes of wall material into the plasma.

Blistering has been extensively studied by means of accelerator experi-

ments, mainly for He since blistering from H requires particle doses at

least an order of magnitude higher. Current results indicate that

blistering may not be important in practical fusion devices since it

appears to be a 'one-time' phenomenon for a previously undamaged surface.

It is observed that after a surface undergoes an initial period of

blistering, further bombardment does not produce additional blistering.

It seems that sufficient extended defects have been produced in the solid

to allow the gas atoms to diffuse out more rapidly than in the 'virgin'

undamaged solid. This picture has been confirmed by the independent

observation that targets pre-damaged by heavy ions don't exhibit any

blistering under He+ bombardment. The one case where blistering may

still be a problem to tokamaks is in areas exposed to relatively high

energy ions (£ 30 keV) from neutral beam injectors. The effect here

depends on the reduced sputtering rate (see below) characteristic of ions

at these energies; this comes about since blistering is essentially a com-

petition between the processes of reemission and bubble formation while

the material surface is "moving inward" due to sputtering.
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7.2.4 Evaporation

During normal operation, evaporation and melting of wall materi-

als due to thermal pulses is not generally a problem. However, i f

excessive power is deposited in a restricted area, such as on a l imi ter ,

these effects may occur. In fact melted regions are often observed on

limiters and are probably due to heating by runaway electrons produced in

the collapse of unstable discharges. Similarly microscopic particles may

be introduced into the plasma by thermal cracking of the wall material

produced by sudden local temperature rises. At the moment l i t t l e is known

about the influence of these processes on practical plasmas since one

cannot easily distinguish between the relative importance of the various

f i r s t -wa l l erosion mechanisms (7.2.4 to 7.2.6 in this report); What 1s

known, however, is that l imiter material is frequently found coating many

areas of the f i r s t wall in today's machines.

7.2.5 Sputtering

Recent laboratory work on l ight ion sputtering has now

established good data in this area. The impinging ion fluxes described

in 7.2.1 knock atoms out of the f i r s t wall with yields that typical ly peak

between 1 and 5 keV (2 x 1(H to 10"2 atoms/ion). This implies a

flux of wall atoms back toward the plasma perhaps as high as

1Ol3_iol5 atoms-s-cm , depending on the incident ion

fluxes involved. An even more serious sputtering situation may result

when impurities originating from the wall are accelerated back toward i t



153

at keV energies - the yields (̂  1-10 atoms/ion) for such 'self-sputtering'

events are much higher than those resulting from light ion bombardment.

7.2.6 Arcing

In the plasma-sheath first-wall region "unipolar arcs" may occur

and indeed arc tracks are observed in the walls of experimental toksmaks.

Such arcing would introduce significant wall material into the plasma.

Nevertheless, it is only in the past few years that this process has

received much attention. At the moment various arguments are being put

forward regarding the behaviour of media to high Z plasma impurities in

order to determine the relative importance of sputtering versus arcing and

this is still unresolved. At the recent plasma-surface interactions

conference^, a film was presented which showed a discharge in the DITE

tokamak - it was remarkable to observe the number and nature of the

objects interchanged between the plasma and the wall. Various types of

arcs, glowing moving spheres, luminous regions, etc. were apparent. Thus

activity of the arcing type certainly takes place but a complete

understanding of these phenomena requires much further study.

7.2.7 Desorption

This set of phenomena is relevant mainly to the low Z impurities

which must be dealt with in all UHV (ultra-high-vacuum) systems. One is

dealing mainly with atoms such as 0, C and N and a multitude of molecules
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based on them. These originate both from surface contamination and from

bulk migration out of the wall materials. Desorption of these impurities

is a consequence of heating the walls, collisions of incoming ions, and

mechanisms involving electrons and photons. A variety of other chemical

processes may also contribute to the production and release of low Z

impurities if some part of the first wall is made of a material such as

carbon - an attractive candidate in terms of the recycling problem (see

7.3.1). The most significant of these is so-called 'chemical sputtering1,

which is completely different from the collisional sputtering discussed in

7.2.5 above. In this process adsorbed H, D or T atoms form compounds such

as CH4 by chemical reaction with a wall atom, carbon in this case, and

these impurity molecules are only weakly bound to the underlying substrate

and hence are easily desorbed, thus adding impurities to the plasma and

eroding the wall.

7.3 EFFECTS OF THE FIRST-WALL BEHAVIOUR ON THE PLASMA

The above survey of physical processes serves as a convenient

basis for the discussion of the reaction of the plasma to wall-related

phenomena, some of which have been already mentioned. We wi l l also

brief ly sketch how these effects are minimized and controlled in present

machines.
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7.3.1 Recycling

As indicated in Sections 7,2.1 and 7.2.2 above, recycling refers

to the motion of the working gas between the walls and the plasma. Rela-

tively large amounts of light atoms are tied up on and in the first wall

at any given time - typically much larger amounts than are in the plasma

at any given time. (The effect of this retention on the tritium inventory

of the device has been mentioned in 7.2.2.) If all of this gas were

released at one time, the density of the plasma would rise several orders

of magnitude and this has in fact been observed experimentally. Good con-

trol of the plasma density is clearly desirable. One way to achieve this

control is through the amount of gas pulsed into the plasma from an

external source during operation. This is particularly important for

neutral beam heating and associated fueling schemes.

Some methods for the control of recycling are obvious. One is

to use a low Z wall, e.g. carbon, to reduce the reflection coefficient.

Another is to use a first-wall material with a high hydrogen diffusion

rate, e.g. Ni, to minimize gas retention. However, in practice the tech-

nique used now is titanium gettering which involves coating the first wall

with a fresh layer of evaporated titanium between discharges. Hydrogen

and its isotopes bind tightly to the Ti surface and are not easily

desorbed since diffusion into the Ti is favoured. This method, familiar

from UHV work, has been successfully used, for example^o control recycling

in the ATC and DITE tokamaks1. However, it's not at all clear that

gettering is very practical for a reactor.
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7.3.2 Low Z Impurities

As mentioned above, low Z impurities refer to such atoms as 0,

C, and N; in practice 0 is the most important of these. It is now well

known that cleanliness of the machine is essential to efficient operation;

the degree of cleanliness is conveniently given in terms of the effective

atomic charge of the plasma Z*. Five years ago Z*'s for most tokamaks

were in the range 3 to 8. Recently Z* of ^ 1 has been achieved in such

machines as ALCATOR and this has contributed importantly to that machine's

high plasma density operation. To see how this comes about one only needs

to look at a simple charge neutrality model:

ne = nD + nT + ZInI

where ne, np, nT and ni represent, the number densities of

electrons, deuterons, tritons and impurities, respectively, in the plasma,

and 1\ is the mean charge of the impurity ions. It is clear that 1\

and nj limit the achievable np and nj. For a given ratio of

the fusion power is proportional to n^f and hence from ( 7.1)

Thus Q is reduced by a factor of (1-Zjni/ne)
z. Further evidence

of the effects on the plasma density of low Z impurities is that the dis-

ruptive Instability in tokamaks has been found to be closely related to
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the vacuum conditions of the torus^. The reductions recently achieved

in low Z impurities depend on careful pre-discharge cleaning (condi-

tioning) methods. These techniques basically consist of some combination

of (a) chemical pretreatment, (b) baking - i.e. heating the walls, (c)

pulse discharge cleaning by a series of low energy discharges, (d) glow

discharge cleaning by means of dc or rf discharges, (e) the gettering

mentioned above. The best known method is called 'Taylor discharge

cleaning' which involves a combination of pulse discharges with increased

H2 pressure in the presence of moderately heated walls. The general

principle is to enhance Hg reactions with the 0 and C on the walls in

order to produce easily pumpable molecules such as H2O and CH4. It

now appears clear that Z* ^ 1 can be achieved routinely when precondi-

tioning of this type is done. It should be pointed out, however, that

such conditioning often takes several hours and thus is a "physics'

solution. In the engineering context of fusion reactor it doesn't seem a

very attractive proposition.

7.3.3 Medium to High Z Impurities

Medium to high Z impurities have a dramatic effect on plasma

temperatures through the radiative losses they produce. (Since the power

losses go up as Z Y , where 3 - y - 4, the losses due to lov Z impurities

are not so critical .) In fact ignition at any plasma temperature is

thought to be impossible for fractional concentration of 2 x 10"3 for
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tungsten and 8 x 10-3 fo r molybdenum - both materials are commonly

used in the l imiters of present day devices. Such concentrations would

result in radiative losses of * 12 x 104 MW for molybdenum and 3 x 104

MW for tungsten during the i n i t i a l heating phase in a fusion reactor

plasma. I t is also worth pointing out that impurities seriously affect

such plasma heating methods as neutral beam injection since both the ion

impact and charge-exchange cross sections roughly scale with Z, thus

reducing the neutral beams' penetration into the plasma. In the present

generation of machines, with good conditioning, the plasma edge tempera-

ture is too low and the discharges are too short-lived to make metal

impurities a serious problem during a single discharge. However.they w i l l

certainly be important in reactors. Thus in view of the limited reactor

application of presently used cleaning methods, there has been significant

research into the development of practical means for on-line density and

impurity control. One such technique is the magnetic divertor - a device

for scraping off the outermost layer of the plasma, cooling i t and pumping

away the impurities and 'ash' atoms contained in i t . Successful divertors

have already been tested and i t is hoped that they can be incorporated

into reactor designs without adding too much complexity or seriously dis-

rupting the confining magnetic f ie lds. I t w i l l also be imperative to

provide suff icient cooling to the divertor to withstand the large amounts

of plasma energy dumped into i t under reactor conditions. Gas blanket

cooling and 'puff ing' gas into the plasma-wall gap also appear promising

for these purposes. However,much further development is required to va l i -

date these concepts and indeed several recent and planned tokamaks give

f i rst-wal l - related work high pr ior i ty in their experimental program.
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7.4 SUMMARY

Plasma-wall interactions are important in determining the per-

formance of present-day machines and certainly w i l l be crucial to the

operation of future fusion reactors. The measures now in use have been

quite successful but a major ef for t w i l l be required to develop practical

engineering solutions for reactors.
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8. TRITIUM RECOVERY TECHNOLOGY

[T.M. Holden, C.R. Hoffmann, S.A. Kushneriuk and P.Y. Wong]

8.1 INTRODUCTION

The t r i t i um fuel required to sustain the DT reaction in the

hybrid breeder is generated by the (n, T ) reaction on 6|_-j anc| 7[_-j

present in a blanket surrounding the fusion reactor (see section 9) . This

t r i t i um must be recovered from the blanket before i t can be burned in

the reactor. Because t r i t i um is radioactive (half l i f e of 12.3 years and

decays by g emission to form ^He) e f f i c ien t recovery and containment is

essential to minimize losses to the environment. For example, the hybrid

fusion-f iss ion design described in reference 8 of Section 10 has a t r i t i um

release of 10 Ci/day. For a fusion reaction power of 400 MW the dai ly

siiiount of t r i t i um consumed (and regenerated in the blanket) would be

5.9xl05 Ci (61 grams). At th is power level , therefore, 5.9xlO4 T atoms

must be recovered for every one l os t . Trit ium residence time in the

blankets should be short compared with 12.3 years to avoid s ign i f icant

radioactive decay losses, which ef fect ive ly reduce the T breeding ra t i o .

Tri t ium w i l l also have to be recovered e f f i c i en t l y from the fusion plasma

exhaust for recycling to the reaction chamber. Trit ium blanket inventory

should be as small as acceptable recovery w i l l allow, to ease problems

relat ing to safety and low environmental release. Adequate large-scale

t r i t i um recovery has not yet been demonstrated for a fusion reactor

environment.

t 1 Ci = 3.7 x 1010Bq
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This section deals with various aspects of recovering tritium

from a fusion blanket. Lithium required for tritium breeding may be

present in a solid compound or as a liquid. Solid lithium compounds have

the advantage of being inert and non-corrosive. However, solids cannot

readily be circulated through a reactor and processed continuously. The

residence time is long, typically of order several years, and the inven-

tory of tritium and its highly neutron absorbing decay product ^He

builds up to high levels. For some solid compounds it may be possible to

flush out the tritium continually with a hydrogen or helium sweep gas.

Liquid lithium technology has the advantage that lithium may be used as

the primary coolant and that the tritium can be continuously extracted.

However, liquid lithium is corrosive and reacts strongly with water, air

and concrete. There is no consensus as to whether solid or liquid lithium

is preferable, although early demonstration reactors will all have solid

lithium modules.

In the foil owing, some examples are given of each technology.

Many others are contained in the literature. The tritium breeding

reactions are given in Section 9.

8.2 SOLID LITHIUM COMPOUNDS

There are two choices of technology depending on whether (a) the

tritium is chemically bound in the breeding pins which have to be removed

from the blanket to extract the tritium, or (b) the tritium can be purged

in situ by passing 4He or H over the pin. According to Okula et

al.1 much of the basic thennodynamic data to substantiate in situ

extraction is lacking.
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8.2.1 Tightly Bound Tritium

In the established technology2s pins of A

are irradiated for three years to obtain a substantial tritium loading (up

to 80 cm^ tritium per cm^ of alloy). The alloy is not a single phase

alloy but contains inclusions of a L1A1 intermetallic compound and the

tritium is mainly concentrated in these inclusions in the form of LiT.

After irradiation the pins are heated to 800°C and the chemical reaction

LiT + Al * LiAl +j{Jz)

releases the tritium. The tritium source3 proposed for the prototype

Japanese Fusion Reactor will use this method of production.

Another candidate material described by Owen and Randall

for use in the Savannah River New Production Reactor is LiAlOg.

Tritium is recovered by heating to 850°C in vacuum and separating the

tritium from helium, carbon dioxide and other gases.

8.2.2 Continuous Recovery

Continuous recovery depends on both the solubility and the

diffusivity of tritium in the breeding materials. Tritium formed in the

interior of a grain diffuses to the edge of the grain, then along zone

boundaries to the outer surface and finally through a containing wall into

a purge gas. To recover tritium at a reasonable purge gas flow rate a
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partial pressure of tritium of 13 mPa (10~4 torr) is required. All

factors depend strongly on temperature.

Li2O is the material to be used in an experimental blanket

module containing 600 pins at the Tokamak Fusion Test Reactor^. Li2O

is also proposed by Misra, Clemmer and Smith5*, Gohar and Maroni^ and

Teofilo et al.7 as a breeding material. A typical blanket module^ is

0.6 m x 0.6 m with a depth of 2.3 m in which the coolant, either

pressurized water or helium, flows through ferritic steel tubes embedded

in a packed bed of granular Li20 material which would probably be

saturated with hydrogen. There are separate helium or hydrogen purge flow

channels. With continuous extraction and suitable choices of operating

temperatures for blanket and coolant a 3200 MW(th) fusion reactor may have

an inventory of tritium diffusing through the material, over and above the

equilibrium concentration of dissolved tritium ranging from a few tens of

grams to a few kilograms. The purpose of saturating the LijO with

hydrogen is to minimize the amount of tritium in solution but the practice

carries the penalty that the tritium has subsequently to be separated from

the hydrogen.

Many of the solid lithium compounds, because of neutron capture

by the other elements in the compound and in the structural material of

the blanket, have a tritium breeding ratio (the ratio of tritium produced

per fusion neutron) less than unity. This situation is usually corrected

when neutron multiplying materials (such as Pb, Be, PbO or BeO for pure

fusion reactors) are incorporated in the blanket. With a two-zone blanket

(tritium breeding in one zone, neutron multiplication in the other)

Gohar^ suggested that tritium recovery may be effected by simply

raising the temperature of the tritium breeding zone.
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8.3 LIQUID LITHIUM

A comprehensive review of extraction technology has been given

by Buxbaum and Johnson^. There have been two major developments with

underlying technological support: (a) molten salt extraction studied by

Maroni et alJO at the Argonne National Laboratory and (b) extraction

with a solid yttrium getter studied by Clinton and Watson1! at Oak

Ridge National Laboratory. Permeation of hydrogen isotopes from liquid

lithium through thin metal membranes of Nb has often been mentioned (see

for example Darvas1^), but is unsuitable because the rate of perme-

ation is limited by the slow diffusion of lithium tritide13 through

liquid lithium.

8.3.1 Liquid Lithium - Molten Sait Process

In this method10 part of the stream of liquid lithium is

diverted to an extraction loop where it is mixed with LiCl-KCl molten salt

and 50% of the tritium passes into the salt phase. The liquid lithium is

then separated from the salt in a centrifuge. The salt passes to an

electrolytic recovery tank where the tritium is liberated by applying a

low voltage insufficient to decompose the salt. As an example of the

capability of the method Maroni et al. take the Reference Theta Pinch

Reactor14 with a blanket of 8xlO5 kg of liquid lithium in which 60 g-h"1

of tritium is fared. To extract this tritium requires processing

the lithium blanket four times per day. The steady-state inventory is 4.3

kg of tritium which corresponds to an atomic tritium concentration of



166

10"5. The method has been criticized by Buxbaum and Johnson^ for

requiring large amounts of molten salt and possibly contaminating the

liquid metal with impurities in the salt.

8.3.2 Liquid Lithium Solid Yttrium Metal Getter

When liquid lithium is placed in contact with solid yttrium,

hydrogen isotopes, including tritium, are rapidly preferentially absorbed

by the yttrium. As an example of the rapidity of the process, with

stagnant liquid lithium" on an yttrium surface (surface to volume

ratio 0.8 ) at 300°C, the concentration of tritium in the lithium

fell by a factor of two in 24 minutes and it was suggested that the mass

transfer rate would be further improved by forced convection. Further

experiments^ suggest that at 200°C the minimum achievable atomic tritium

concentrations would be less than 2xlO"6. A proposed practical

recovery system" has three identical getter systems, one in oper-

ation, one being regenerated by outgassing the tritium, and one on stand-

by. During operation the whole lithium inventory (3x10.6 kg) would be

passed over yttrium coated getter material each day. The mass of yttrium

required to extract the daily tritium production (0.5 kg for the case con-

sidered) is about 15 kg. During regeneration the yttrium is heated to

1000°C and the tritium released passes through niobium walls to a vacuum

jacket where it is pumped away and stored. The process is not yet at a

pilot plant stage and basic data on equilibrium and ths transport is

lacking together with informatio" on the mechanical stability of the

equipment under thermal and tritium loading cycles.
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9. BREEDING BLANKET DESIGN

[S.A. Kushneriuk, P.Y. Wong, C.R. Hoffmann and T.M. Holden]

9.1 INTRODUCTION

Previous sections outline some experimental devices which are

judged major contenders for eventual demonstration of the physical princi-

ples of controlled thermonuclear fusion. This section treats these

devices in a generalized manner as neutron sources to drive a breeding

blanket suitably positioned about their reaction volumes. Only the DT

fusion reaction is considerec'. S'iCi. a blanket performs several

functions:

1. breeds tritium for the DT reaction

2. breeds fissile material

3. multiplies fusion reaction energy.

Tritium is generated via neutron interactions with lithium.

Fissile fuel, usually Pu-239 or U-233, is produced by neutron capture in

the fertile materials U-238 or Th-232. The various reactions are

Fusion D + T -> n(14.1 MeV) *4He(3.5 MeV)*

Tritium Breeding n+6Li •* T+4He + 4.8 MeV

n+7Li + T+4He + n' - 2.5 MeV
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Fissile Fuel Breeding Pu-239: n+238U

.. „ , .,.232,.. 233TKS 233D 6" 233,,
U-233: n+ Th •+ Thgg > ^a?7H'

Neutron multiplication can take place by (n,2n) and (n,3n) interactions

with the f e r t i l e fuel and structural materials in the blanket and with

neutron mult ipl ier materials l ike Pb or Be that may be placed in the

blenket. Energy (200 MeV/fission) and neutrons are also generated by fast

neutron induced fissions of the fe r t i l e materials and fission of the

f i ss i l e atoms present in the blanket.

A short review is presented of fuston-fission blanket studies

which have appeared in the l i terature. The results of detailed neutronic

calculations for the specific blankets adopted in this study are given in

tabular form. The oianket parameters needed for the economic calculations

of &etion 10 are the f i ss i l e f<el protection ratios b] and b2 (the

number of atoms of U-233 and Pu-239 bred per fusion source neutron) and an

energy multiplication factor !*. As defined here the factor M pertains

only to that fraction of the fusion energy carried by the neutron (14.1

MeV of the 17.6 MeV total for DT fusion) so that the hyorid output energy

is related to the DT fusion reaction energy by the factor (0.2 + 0.8 M).

These parameters are summarized in Table 9.5.

A substantial quantity of information is available in the

l i terature on conceptual design and calculations for hybrid fusion-fission

blankets (e.g. refs. 1-20). Experimental results from integral
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measurements on large, relatively pure natural-uranium-metal, thorium-

metal and lithium-metal assemblies surrounding DT neutron sources (e.g.

refs. 21-23) delineate the overall breeding possibilities and provide

useful references for checking data and calculational procedures in the

neutronic evaluations of blankets. Benchmark blankets have also been set

up for this purpose2^. Problems related to properties of likely

tritium breeding materials and tritium recovery have been considered, and

economic and other assessments of fusion-fission reactors and their role

in energy production have been made (e.g. refs. 1, 8, 13, 15,'18, 25-28).

These blankets are generally envisaged as layered, symmetric

arrangements or appropriate materials surrounding the fusion region for

fuel breeding, neutron moderation and struc. ural support. Complete

enclosure of the fusion region is desirable, both from the standpoint of

shielding and breeding efficiency. The simplest approximations to blanket

geometries, i.e. cylindrical (finite or infinite), spherical, planar or

combinations (e.g. cylinder with spherical caps, etc.), are adequate for

purposes of neutronic evaluations of the effectiveness of various combi-

nations of fertile fuels, moderators and neutron multipliers in breeding

tritium and fissile fuel and for determining the effects of structural

materials, coolants, etc. on breeding.

Most neutronic evaluations of blankets in the U.S.A. and Canada

are made with the multigroup discrete ordinates code ANISN29 and the

Monte Carlo codes MORSE30 and TART31 and are based on Brookhaven

and Livermore evaluated neutron data libraries ENDF/B32 and

ENDL/LLL33. ANISN applies only to uniform spherical and infinite

planar and cylindrical media while the Monte Carlo codes allow one to deal

with more complex systems.
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Three more or less distinct types of blankets have been proposed

and evaluated in the l i terature: the fission enhanced, the fission sup-

pressed and the fast fission types.

In the fission enhanced type, power production is emphasized in

the blanket design; the fusion breeders are in effect central power plants

that also produce f i ss i le fue l . The blankets in these reactors contain

subcritical (ke f f £0-9) fission-reactor -type fuel and moderator

assemblies u t i l i z ing either natural or sl ight ly enriched uranium, U-238

enriched in Pu-23a, or Th-232 enriched in U-233 fuels, leading to enhanced

fission in the thermal or fast neutron energy ranges. In this category

the blanket energy multiplication M ( i . e . the energy generated in the

blanket by the fusion neutrons divided by the DT fusion neutron energy of

14.1 MeV) is in the range 10-70.

In the second category emphasis is dist inct ly placed on f i ss i le

fuel production, i .e . the fusion breeder is s t r i c t l y a fuel factory and

power production is a secondary consideration. The fission suppressed

breeder is believed to be less hazardous in possible radiological and

after-heat effects. To avoid fast f iss ion, the f i ss i l e fuel breeding

zones are located in regions with wel1-moderated ( I .e . thermal) neutron

spectra, and the f i ss i le content of the fuel is kept very low, either by

frequent reprocessing or, as in the molten salt reactor concept, continual

reprocessing of the fuel . Because of the suppression of the fission

reaction, these breeders are at the nearly pure fusion extreme of fusion-

fission hybrids and are often referred to as symbionts of the fission

power reactors.
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Most fusion-fission hybrid studies have considered blankets of

the fast f ission type, i .e . devices in which the energy gain over and

above fusion energy is due mostly to fast fission of the fe r t i l e materials

U-238 and/or Th-232. Blanket energy multiplications in these systems are

in the range 2-10 with the higher values associated with reactors con-

taining U-238 fue l . While emphasis in these systems is on f i ss i le fuel

production the fission energy generated serves to improve the system power

balance and may be important for use with fusion devices having low plasma

driver eff iciency. I t may bs possible to enrich reactor type fuel

assemblies d i rect ly , without fuel reprocessing using these systems. Note

that i t was basically the fast fission type assemblies tha+ were investi-

gated experimentally by Weale et al.21 and SMeff et a l .^2. Their

investigations were made on nearly pure metal assemblies, with no t r i t ium

breeding zones, nor massive f i r s t walls and structural materials. These

studies set upper l imits on f i ss i le fuel breeding ratios in the fast

fission type systems: about 4.5 atoms per fusion neutron for Pu-239

production in U-metal fuel21 and about 1.9 for U-233 production in

Th-metal fuel22. in practical devices that must also breed t r i t ium,

the f i ss i le fuel breeding potential w i l l be considerably smaller than that

indicated by the experiments* Integral experiments to test t r i t ium and

U-233 production in fast f ission prototype fuel assemblies are being

planned for 1983-84 as part of the TFTR34 ex;j"-nmental program.

Typical ranges of values of the net f i ss i l e fuel production per

fusion event and blanket energy multiplications that have been projected

for the system discussed above are listed in Table 9 .1 . These values

depend on the fe r t i l e fu^l being considered ( i . e . urarium and/or thorium),



176

Table 9.1. Fissile fuel breeding ratios and blanket energy multiplication
factors for various systeins treated in the literature. In all
cases the tritium breeding ratio in the systems is "\< 1.05.

System Types and Fuels Fissile Breeding Blanket Energy References
Fuel Bred Ratio Range Multiplication

Fission enhanced, thermal
fission. Natural or
slightly enriched U

Fission enhanced, fast
fission. 239Pu-U

Fission enhanced, fast
fission. 233U-Th

Fission suppressed.
Th molten salts, solid Th

Th fast fission.
Th metal, alloys,
carbide, oxide

U fast fission.
U metal, alloys,
carbide, oxide

Combined thorium/uranium / U-233 0.8 - 0 . 9
fast fission. (Pu-239 0.4 -0.7 5 - 7 14,17,20

Pu-239

Pu-239

U-233

U-233

U-233

Pu-239

0

1

0

1

0

0

.33

.0

.8

.3

.4

.6

- 1.

- 4.

- 1.

- 0.

- 0.

- 2.

0

0

5

8

8

3

20

10

12

1.3

1.5

3.0

- 70

- 70

- 30

- 1.6

- 3.0

- 11

3,5,11,13

5,10

10,19

5,8,9,12,14,17,
18

5,12,14,15,16,
17,19

5,6,14,15,20
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the chemical form of the fuel (metal, al loy, carbide, oxide), the coolants

used (He gas, L i , Na, H20, e tc . ) . the reactor structural materials

(stainless steel, niobium, molybdenum, etc.), the f i rs t -wa l l composition,

the arrangement of the f s r t i l e fuel and tr i t ium breeding zones in the

blanket, e tc . , and to some extent the hybrid reactor type.

9.2 CHALK RIVER BLANKET EVALUATIONS

This section gives details of some blanket configurations and

neutronic evaluations made at Chalk River^^O which provide the

blanket performance data for this study. The neutronic evaluations were

made using the codes ANISN and MORSE and ENDF/B-IV compiled neutron data.

The code SUPERTOG^S, with modifications, was used to process the

ENDF/B data into the multigroup form suitable for use by ANISN and MORSE.

ANISN calculations were usually made in the P3-S4 approximation.

The objectives in the evaluations were primarily to establish

the breeding potential for a variety of fertile-fuel/coolant combinations,

to establish what role neutron multipliers like Pb or Be might have in

breeding, to see how the relative locations of the material zones in the

blanket affect breeding, and to assess the sensitivity of breeding on the

disposition of the fusion neutron sources in the fusion region of the

reactors and the reactor size and geometry. Calculations were made mainly

in spherical and cylindrical geometries with first-wall radii of 1.3 and

5 m. All blankets were ^ 1 m thick.
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Since f i ss i le fuel production is to be emphasized rather than

power production the blankets considered are of the uranium and/or thorium

fast f ission type and the thorium fission suppressed type. T .e material

configurations of these blankets are similar to the CTR blankets discussed

by Blow36 and Steiner^, consisting of lithium zones for breeding

t r i t ium, graphite moderator zones, appropriate f i r s t walls and structural

materials, and addit ionally, very subcritical f i ss i l e fuel breeding zones

and in some cases a neutron multipl ier zone. The actual arrangement of

one of the blankets chosen (uranium-thorium blanket) is i l lustrated in

Fig. 9 .1 , in which the volume % compositions of the various zones are

indicated. The compositions l isted for the "thorium" and "uranium" zones,

i .e . 48.5% of thorium or uranium fuel , 7% of zirconium, etc. , correspo"-1

closely to values pertaining to the 37-element CANDU fuel assembly and

associated pressure tube.

Two types of f i r s t wall were considered: type A being repre-

sentative of the wetted-wall design developed at Los Alamos37 as well

as stainless steel, l ithium cooled walls, while type B is an ablative wall

design for laser fusion discussed by Maniscalco et a l . 7 Most of the

calculations were made with type A wal l . In the evaluations the lithium

was taken to be natural lithium metal. Some evaluations were also made

using solid U2O or molten LiFBeF2 (FLIBE) in the lithium zone and

FLIBE as coolant. Stainless steel (type 316) was the structural and

pressure tube material.
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Figure 9.1. Reference U-Th blanket material configurations, compositions, dimensions and atom
densities. Percentages are percent by volume. Stainless steel (SS) atom densities
(10+24 cm-3) a r e 0.0608 Fe, 0.0135 Cr, 0.0085 Ni, 0.0017 Mo.
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The principle results obtained may be summarized as follows:

(Note, in al l systems considered, the t r i t ium breeding ratio is 1.075.

The uranium in the blankets discussed is depleted uranium, 0.2 atom % of

U-235.)

1. The U-233 production ratio in blankets containing thorium is in the

range 0.50-0.76. The lowar l imi t applies to water-cooled ThO£ fuel

while the upper l imi t is for gas-cooled Th-metal preceded by a gas-

cooled U-metal mult ipl ier. In this lat ter case 0.38 Pu-239 atoms are

also produced per fusion. The blanket energy multiplication for

blankets containing no uranium is in the range 1.4-2.5. I t is

increased to 5.5 when a U-metal mult ipl ier is present.

2. The Pu-239 production ratio in blankets containing depleted uranium

is in the range 0.59-1.64. The lower l imi t applies to water-cocled

OO2 fuel while the upper l imi t is for gas-cooled U-metal fue l .

Blanket energy multipl ication is in the range 2.5-9.0. Neutron mult i -

pl iers l ike Pb or Be are of some benefit in Pu-239 breeding only for

HgO-cooled fuel , otherwise they are at best marginally beneficial or

may actually decrease the breeding rat io .

3. For the wall type examined, and for the idealized spherical and

( in f in i te ) cylindrical systems considered, the breeding ratios and

energy multipl ication factors are Insensitive to the system size, the

geometry considered and the disposition of the DT neutron sources in

the fusion region. (For example, the breeding rat io, etc . , for a

spherical blanket surrounding a 1 m radius f i r s t wall with a "point"
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source of fusion neutrons located at the sphere centre is very similar

to that obtained for a similar spherical OP cylindrical blanket sur-

rounding a 3 m radius first wall with the fusion neutron source uni-

formly distributed over a 2.5 m radius in the sphere or cylinder. The

actual material zone thicknesses in the blanket may need to be

adjusted slightly so as to maintain the tritium breeding ratio at

1.075.) The essential feature is good source coverage, i.e. the DT

neutron sources must be completely surrounded by breeding material.

4. As noted earlier, the production ratios quoted apply to blankets that

also breed 1.075 tritium per fusion. If less tritium is needed and/or

if tritium can be supplied from external sources (e.g. CANDU

reactors), then tritium breeding can be reduced and fissile production

ratios can be increased correspondingly.

5. The Chalk River derived values are in fair agreement with the results

of evaluations made elsewhere for similar systems (see Table 9.1),

though the values tend to be somewhat smaller than those obtained at

Lawrence Livermore Laboratories (e.g. refs. 5,14), possibly because of

the different evaluated neutron data used (ENDF/B-IV vs. ENDL/LLL).

9.3 THE REFERENCE BREEDING BLANKETS

As has been indicated, for systems in which the blanket breeding

materials follow the f i r s t wall and enclose the fusion reaction region,

performance does not depend on specific details regarding the distr ibution

of the neutron sources in the fusion region, the system geometry, etc.

Thus for these types of f irst-walI/blanket arrangements a particular
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blanket configuration gives similar breeding ratios for inert ial or mag-

netic confinement fusion systems. For purposes of assessing and comparing

the economics of various fusion schemes for producing f iss i le material for

the CANDU reactor operating on a thorium fuel cycle, three fast-fission

type blankets optimized for f iss i le fuel breeding have been selected:

these are designated uranium-thorium, thorium, and uranium according to

the fe r t i l e material in the blanket.

The uranium-thorium blanket, depicted in Fig. 9.1, is optimized

for U-233 breeding but also breeds some plutonium> This blanket has an

overall thickness of 1010 mm, the fer t i le fuel being gas-cooled, zirconium

sheathed> Th metal in a stainless steel pressure tube. The fuel is pre-

ceded by a neutron multiplier of gas-cooled depleted U metal. The

neutronic performance of the blanket (a 24-group ANISN evaluation) is

summarized in Table 9.2. The U-233 production ratio is 0.76, the blanket

energy multiplication is 5.5, and 0.38 Pu-239 atoms are produced per

fusion.

The thorium blanket contains gas-cooled thorium-metal fuel and

no neutron multipliers. The U-233 production ratio is 0.68 and the

blanket energy multiplication is 2.5. The specific blanket configuration

and the neutronic performance are summarized in Table 9.3. (Be and Pb

multipliers in certain blanket arrangements increase the U-233 production

ratio to about 0.72, with some decrease in blanket energy mult i-

plication.)

The uranium blankPt contains gas-cooled depleted uranium metal.

The blanket gives a production ratio of 1.64 Pu-239 atoms per fusion

neutron and a blanket energy multiplication of 9.0. The blanket configu-

ration and neutronic performance are summarized in Table 9.4.
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Table 9.2. Neutronic performance of the U-Th blanket, depicted in
Fig. 9.1 ; per DT fusion neutron. It is assumed that 32%
of all neutrons reaching the blanket outer boundary are
reflected. The uranium is depleted uranium.

Zone First Uranium

wall Multiplier "Thorium" "Lithium" "Graphite" "Lithium" Total
Interaction (5) (6) (7) (8) (9) (10)

Neutron
absorption

Excess (n,2n)
and (n,3n)
neutrons

Fission neutron
sources

Tg: "Li(nfo(t)

T7: 7Ll(n,n'ot)

/(n=Y)

1
•j(n,2n)

1
\ *
/(n,Y)

2 3 8U:
(n,f)

(n,2n)

235U: (n)f)

0

0

0

0

.077

,037

-

.049

.024

-

-

-

-

-

—

-

-

0

0

0

0

0.

0.

0.

0.

.636

.261

.851

-

-

-

-

-

-

383

217

109

058

006

0.850

0.272

0.166

-

-

0.757

0.048

0.137

0.047

-

—

-

-

0

0

0

0

.730

.009

-

.713

.060

-

-

-

-

-

-

-

-

0

0

0

0.

.206

0003

-

181

001

-

-

-

-

-

—

-

-

0

0

0

0

.047

.0001

-

.046

.001

-

-

-

-

-

-

-

2.546

0.579

1.017

0.989

0.086

0.757

0.048

0.137

0.047

0.383

0.217

0.109

0.058

0.006

System balance: Sources - 1 + 0.579 + 1.017 - 2.596

Losses - Leakage + Absorption - 0.051 + 2.546 - 2.597

2 3 3U breeding ratio - 232Th(n,Y) - 0.76

" y P u breeding ratio - "°U(n,Y) - 0.38

Blanket energy multiplication - 5.5
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Table 9.3.

Reaction

Neutron
absorption

Excess (n,2n)
and (n,3n)
neutrons

Fission neutrons

T6:
 6Li(n,at)

T7: 'rLi(n,n'at)

232Th:

'(n,Y)

(n,f)

(n,2n)

w(n,3n)

Neutronic performance of the Th blanket per DT
neutron. It is assumed that 32% of all neutrons
the blanket outer boundary are reflected.

First
Wall

0.066

0.041

-

0.039

0.026

-

—

-

"Thorium"

0.819

0.517

0.294

-

-

0.680

0.081

0.259

0.090

"Lithium"

0.674

0.016

-

0.657

0.097

-

-

"Graphite"

0.265

0.001

-

0.231

0.003

-

—

-

fusion
reaching

"Lithium"

0.021

0.0001

-

0.021

0.001

-

—

-

Total

1.845

0.575

0.294

0.948

0.127

0.680

0.081

0.259

0.090

System balance: Sources » 1 + 0.575 4 0.294 - 1.865

Losses - Leakage + Absorption • 0.024 + .1.845 - .1.869

2 3 3U breeding ratio - 232Th(n,Y) - 0.68

Blanket energy multiplication - 2.5

The blanket arrangement is similar to the U-Th case with, specifically, a 180 mm
thick "thorium" zone following the first wall, then 300 mm of "lithium", 420 mm of
"graphite" and finally 90 mm of "lithium". The first-wall radius is 3 m.
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Table 9.4. Neutronic performance of the U blanket , per DT fusion
neutron. It is assumed that 322 of all neutrons reaching
the blanket outer boundary are reflected. The uranium is
depleted uranium.

Reaction

Neutron
absorption

Excess (n,2n)
and (n,3n)
neutrons

Fission neutrons

T6:
 6Li(n,at)

T 7:
 7Li(n,n'at)

/(n,Y)

/(n,2n)

\(n,3n)

235U(n,f)

First
Wall

0.094

0.037

-

0.063

0.024

-

-

-

-

-

"Uranium"

2.236

0.511

1.845

-

-

1.640

0.481

0.215

0.112

0.024

"Lithium"

0.839

Li.005

-

0.820

0.040

-

-

-

-

-

"Graphite"

0.078

0.0001

-

0.067

0.0003

-

-

-

-

-

"Lithium"

0.061

0.0005

-

0.060

0.0008

-

-

-

-

-

Total

3.307

0.553

1.845

1.010

0.065

1.640

0.481

0.215

0.112

0.024

System balance: Sources = 1 + 0.553 + 1.845 = 3.398

Losses = Leakage + Absorption = 0.091 + 3.307 = 3.398

Pu breeding ratio = UCn.'y) = 1.64

Blanket energy multiplication =9.0

The blanket following the first wall consists of a 240 mm thick "uranium" zone
followed by 450 am "lithium", 210 mm "graphite"and 90 mm "lithium". The first-
wall inner radius is 1 m.
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As noted above the f i r s t wall and graphite zone coolants as wall

as the lithium 1n the "lithium" zone in the reference blankets are natural

lithium metal. Some calculations have been i,ade for similar blankets but

with molten LiFBeF2 (FLIBE) as the coolant for the f i r s t wall and

graphite zone, and either al l FLIBE, or gas- or FLIBE-cooled lithium metal

(o" solid U2O) in the "l ithium" zone. The calculated production ratios

rfere lower than the values l isted for the reference blankets. For

the case of the U-Th blanket arrangement of Fig. 9.1, when the "lithium"

zone was FLIBE-cooled natural lithium metal or natural L12O, the ratios

decreased by 21% to * 0.6 for U-233 breeding, * 0.3 for Pu-239 production.

When the "l i thium" was al l FLIBE, good results were obtained only when the

6L1 content in the FLIBE was increased to 70 atom % of the l i thium, the

values being *> 0.65 for U-233 breeding, * 0.4 for Pu-239 production.

Other material arrangements of the U-Th blanket with FLIBE or Li2O were

not explored; i t is possible that some would lead to improved production

ratios.)

Finally, Table 9.5 summarizes the f i ss i le fuel production ratios

b] and b2 and energy multiplication factors M which are used in

Section 10 for economic calculations. The uranium blanket has the best

performance per fusion neutron for both energy output and f iss i le y ie ld.
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Table 9.5. Summary of fissile fuel breeding ratios b^ and b2 and
energy multiplication factors M for the breeding
blankets used in Section 10.

b^ b2 Energy
Blanket U-233 atoms Pu-239 atoms Multiplication

per fusion per fusion M

U-Th 0.76 0.38 5.5

Th 0.68 - 2.5

U - 1.64 9.0
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10. ECONOMIC ASSESSMENT - ALLOWED CAPITAL COST

[C.R. Hoffaaun, T.M. Balden, S.A. Kuahueriuk and P.Y. Wong]

10.1 CJTRODDCTION

In this section a procedure for estimating the allowed

capital cost of a breeder Is described and results are given which apply

to a wide range of fusion devices and parameters. The allowed capital

cost Is presented as a cost per watt of fusion reaction power, which is

proportional to the rate of generating fusion ueutrons and hence to the

breeder fissile fuel yield. This cost is arrived at by comparing a

thorium cycle CANDU reactor station using U—235 as make-up fuel

(system 1) against a similar station using fissile material produced in a

breeder to replace the tf-235 feed (system 2). (See Figure 10.1.) The

net electrical output of both systems as well as the electricity coste

are kept equal. Cost for operation and maintenance, fuel fabrication and

reprocessing and charges on capital are included. This calculation is

basically the same as that in the 1973 Laser Fusion Working Party Study1,

but with the following changes.

1. The fusion device is generalized. It is characterized by the po«er

input to -he plasma P±, the ratio Q of fusion reaction power Pj

to Input power, and the efficiency riD of the driver system which

supplies input power P. to the plasma.
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SYSTEM 1

REPROCESSING FABRICATION

CANDU STATION
Th CYCLE

U -235

SYSTEM 2

REPROCESSING FABRICATION

FISSILE FUEL
VP,

CANDU STATION

Th CYCLE O—i•,
h • P.

BLANKET

NEUTRONS

f

ENERGY

D-T REACTION

GAIN Q

Pr
DRIVER

( 0 . 2 + 0 . 8 M ) P f + P, THERMAL
CONVERSION, 7? th

Figure 10.1. Schematic diagram of two CANDU stat ions, each with output
power P], Mtf(e). System 1 uses separated U-235 as make-up
fuel while system 2 uses f i ss i le output from a fusion
breeder.
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2. The blanket is characterized by values of the fissile fuel

production ratios, the tritium breeding ratio and the blanket

energy multiplication factor calculated in Section 9. Tritium

breeding ratio no longer appears as an adjustable parameter in the

calculations.

3. A cost for reprocessing and refabricating breeder blanket fissile

material is included.

All costs are in 1981 Canadian dollars.

10.2 REACTOR BREEDER MODEL

Figure 10.1 gives a block diagram of the two systems to be

compared. The fission reactor in each system is a CANDU reactor (or a

group of CAN1)U reactors) operating on a thorium cycle with the spent fuel

recycled and with 35% thermal conversion efficiency, nth = 0.35. It is

assumed that the reactor capital cost in M$ can be represented by

C R - A + BPR (10.1)

where A and B are constants and PR is the net electrical reactor power

output in MW(e). (Values for the constants are A = 180 M$ and

B - 0.96 M$/MW(e)2,3.) It is assumed that the capital costs will be

amortized over a plant life of N years (N • 30) and at an interest rate

i (102 per annum) so that the annual capital charges for the; reactor are

CR - (A+BPR).D (10.2)
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where D - 1 ( 1 +^ ) (10.3)
(1+1) -1

The costs of reprocessing and refabricating the rec.irculated

fuel for the fission reactor1* is taken to be 1.9 m$/(ktf-h) so that the

annual cost in M$/annum is

Sa - 1.9*L (10.4)

and i. is the station capacity factor (I » 0.8 is assumed here).

In system 1, 93<t enriched U-235 is used as make-up fuel at an

annual cost in M$ of

cf 'T^'

The make-up fuel feed requirement f is assumed to be 0.1 g/MW(th)<d), a

value appropriate to high conversion ratio ("0.9) systems. The cost U of

93% enriched U-235 is taken to be 48 $/g. This U-235 coat hss been

arrived at by assuming a UaOg value of 120 $/kg, a separative work unit

(SWU) cost of 120$, and that 200 SHU are required to produce 1 kg of 93Z

enriched \i-Vl at 0.2Z tailings.
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In system 2 the fusion based breeder, which consists of

those elements in the dashed enclosure in Fig. 10.1, supplies the make-up

fuel requirements of the CANDU reactor and may contribute electrical

energy to or detract from the net system output. Consequently, the

reactor size required for system 2 will, in general, differ from that of

system 1. For equal net system outputs

PR1

The parameter h is the ratio of the net electrical power output from the

breeder to the net electrical power output from the fission reactor

fueled by the breeder.

The size of the breeder is fixed by the requirement that its

fissile fuel production, yPf (Pf in MW(th)), just match the make-up

fuel requirements of the reactor

PR2yP --S£ . f (10.7)
1 \

where y is the fissile fuel production rate of the breeder in g (U-235

equivalent)/MW(th)-d) (fusion) and is given by

y - 15.53 bj + 11.72 b2 (10.8)

Thia expression is based on 0.77 g of U-233 or 1.02 g of Pu-239 being

equivalent to 1.0 g of 93Z enriched U-235. Values of the fissile fuel

production ratios bj and b2 have been calculated for representative
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breeding blankets in Section 9 and are summarized in Table 9.5. The net

electrical output from the breeder hPjg is given by

R2 - Pf.(0.2 + 0.8 M) . nt 'I. L. (10.9)

In which M is the blanket energy multiplication factor defined In

Section 9, Q is the fusion reaction Q value, and riD the driver

efficiency. Combining the two preceding expressions we obtain

(10.10)

Positive values of h represer*. situations in which the breeder

contributes to the system 2 output and its fission reactor size is

reduced relative to system 1 while negative values of h require that the

reactor provide additional power to drive the breeder.

The annual cost of processing the breeder output in system 2

and in fabricating this material into reactor fuel elements is taken to

be

0.1 S" (10.11)°fb ~ ""* "f2

where S^2 is the annual cost of reprocessing and refabrication of the

reactor fuel elements in system 2 and the factor 0.1 Is based on the fact

that the breeder must provide about 1/10 of the total reactor fuel

requirements. (Sf2 is given by expression 10.4 with PR set equal to
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The annual saving in reactor associated costs in system 2

over those in system 1, SAV'\ is given by

Ih.B.CP^ |h.B.» +i£I2i .f.U. %r + 1.9*L (h-0.1) (10.13)

(It must be noted that the operating and maintenance costs for the

fission component of the system are assumed to be independent of reactor

size. The maximun size change involved is «4%O

The annual operating and maintenance costs for the breeder

will be assumed to be a fraction F » 1/3 of the annual capital charges

and both must be drawn from the savings in fission related costs

calculated above. Thus the allowed annual capital charges for the

breeder component of system 2 are

. SAVa (10.14)

and the allowed capital cost is

C --j— . SAV\ -i (10.15)

The allowed capital cost for the breeder in $ per fusion

watt

CB - C/Pf (10.16)
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is given by

U+h) . „ L
h.B.D + -^-^ .f.V.—- + 1.9*L(h-0.1) (10.17)

"th '24

On substitution of parameter values adopted in this study (D - 0.106,

f - 0.1, nth " 0.35, F - 0.33, B - 0.96 and L - 7.008*10"3) this

expression takes the form

'|o.O119U - 0.19 + (0.0119U + 16.4)hCB - 0.1734 y|0.0119U - 0.19 + (0.0119U + 16.4)h (10.18)

which has been used in deducing allowed capital costs for the systems

summarized in Table 10.3. The fissile fuel yield yPj establishes the

fission reactor power Pjg through expression 10.7 and h is determined

by the ratio of the net breeder power output, hPjg, to PRJ-

A further breeder parameter which will enter the discussions

of this section is the gross electrical power output Pj, given by

Pb " Pf'"th [°' 2 + 0' 8 M + §] (10.19)

10.3 ALLCHED CAPITAL COSTS

Figures 10.2-10.4 give plots of the allowed capital cost per

fusion watts, Cg, and of the power feedback fraction, h, as a function

of driver efficiency tiD and plasma gain Q as deduced from expressions

10.8, 10.10 and 10.17 for breeders having each of the three blanket

options discussed in Section 9:
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1. Depleted U-Th blanket, which breeds 0.76 233U (bj) and 0.38 Z39Pu

(b2) atoms per fusion neutron and has energy multiplication of

M - 5.5.

2. Th blanket, which breeds 0.68 233U (bj) atoms per fusion and has

M • 2.5.

3. Depleted U blanket, which breeds 1.64 239Pu (b2) atoms per fusion

and has M = 9.0.

The neutronic performances of these blankets are summarized in Tables

9.2-9.5. All three blankets have tritium breading ratios of "1.075.

Figures 10.2-10.4 were prepared assuming a cost, U, for 93% enriched

U-235 of 48 $/g.

These Cg v , np curves show a characteristic knee which

sharpens as Q increases. High Q values represent situations where most

of the breeder power is available to contribute to the system output

power. To the left of the knee CB is strongly sensitive to np»

whereas to the right this sensitivity is much less.

For all three blankets Cg reaches 80Z of its maximum

for values of HQ and Q which are expected to be realized in magnetic

confinement fusion reactors, namely TID *50% and Q in the range 2-5. In

the case of laser fusion the estimated driver efficiencies are =5% so

that much higher Q's, in the range 20-50, are required to realize the

same allowed capital cost per fusion watt. It appears that at best laser

fusion devices will operate in the knee region of the curves. Current

estimates place particle beam driver efficiencies at »25% so they wilj.

operate in regions of the curves somewhere between magnetic confinement

and laser fusion.
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Figure 10.2. Allowed capital cost per watt of fusion reaction power, CB,
and powur feedback fraction h as a function of driver
efficiency r)D and plasma gain Q for the U-Th blanket.
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Figure 10.3. Allowed capital cost per watt of fusion reaction power, CB,
and power feedback fraction h as a function of driver
efficiency rij) and plasma gain Q for the Th blanket.
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Figure 10.4. Allowed capital cost per watt of fusion reaction power CB
and power feedback fraction h as a function of driver
efficiency n D and plasma gain Q for the U blanket.
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Values of the product Q-rip which must be achieved in order

to realize breeder operation at energy breakeven, h=0, can be determined

from expression 10.9. Upper limit values obtained by neglecting the term

1/Q are 0.4, 0.6 and 1.3 for the U, U-Th and Th blankets, respectively.

The major fusion devices described in earlier sections (tokamaks and

mirrors, Section 4; lasers, Section 5; particle beams, Section 6) appear

capable of meeting energy breakeven operation with one or more of the

reference blankets. All of the particle beam devices (see Table 6.2) and

some tokamak (Section 4.3) and mirror devices (Section 4.2) have

parameters that may permit the allowed capital cost Cg to be 80% or

more of its maximum value for all bree blankets.

Tables 10.1 and 10.2 summarize the annual yield of i_f. •'••

product from breeders sized to match a 12,000 MW(e) system 2, and the

allowed costs per unit of fusion reaction power Pf and per unit of

gross electrical power generated in the breeder P],. Note that the

fusion power required varies roughly by a factor of 2 depending on which

blanket is chosen and is generally smaller than that found in current

fusion-fi«sion breeder designs (Table 10.3). The differences in allowed

cost, expressed as cost pe1* unit of fissile output, and in fusion power

required reflect the fissile fuel production ratio differences among the

blankets. The total allowed capital cost for h»0 (Table 10.1) depends

only on the price U of separated U-235 (U » 48 $/g) and on the cost of

reprocessing and refabricating blanket fissile material. Allowed capital

cost increases significantly when the breeder supplies essentially all of

its electrical power to the system output. For example, comparison of

the allowed capital costs in Tables 10.1 and 10.2 shows that the allowed



Table 10.1. Data for energy self-sufficient breeders sized to drive 12,000 MW(e) of CANDU stations
(Th cycle). Q » 2 is asssumed.

Blanket
Fusion ?cwer

MW
Breeder Power

MW(e)

Fissile Yield*
Mg/yeax

Allowed Capital
Cost (h=0)

M$ M$/Mg"1-a"1 $/W(f) $/W(e)

TJ-Th

Th

U

213

325

175

379

314

485

0.85 U+Pu

0.77 U

1.02 Pu

227

227

227

267

296

222

1.07

0.70

1.30

0.60

0.72

0.47

* U-235 equivalent is yP f =1.0 Mg/year

Table 10.2. Data for breeders contributing maximum power to System 2 output (0.=°°) and sized to
make the total output 12,000 MW(e).

Blanket
Fusion Power

MW

b
Breeder Power

MS>'(e)

Fissile Yield
Mg/year

M$

Allowed Capital Cost
for maximum h (Q5*")

^ a " 1 $/W(f) $/W(e)

0-Th

Th

U

207

319

169

332

251

438

0.83 U+Pu

0.7": U

0.98 Pu

500

434

587

605

577

597

2.42

1.36

3.48

1.51

1.73

1.34
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cost for a plutonium breeder increases by a factor of 2.6. The fusion

and breeder output powers Pf and Pj, have decreased slightly COB pared

with values for h-0. The decrease in Pf arises because the fission

reactor power is decreased a few percent to keep the system output power

Pg constant and consequently less fissile material is needed. Pj,

decreases for this same reason and because of the large increase in Q.

The decrease in capital cost of the fission reactor is transferred to the

breeder as an increase in allowed capital cost along with a much smaller

amount for the difference in fuel reprocessing and fabrication.

Table 10.3 gives data gleaned from some American studies of

fusion-fission hybrid breeders dedicated to supplying fissile material

for light water reactors6" . These breeders generate net power (i.e.

h>0) ranging from 400 to 1600 MW(e). Recirculating power (PD~
hpR)

required for breeder operation varies from 135 to 1100 MW(e). Presumably

comparable power levels must be available for startup. A comparison is

made with the allowed cost arising If these breeders were to supply

make-up fuel to CANDU reactors. The values of the ratio of estimated to

allowed capital cost indicate that both the magnetic confinement devices

(mirrors, tokamaks) and inertial confinement devices (lasers, particle

beams) are within a factor of 3 of being economical breeders (of course

assuming appropriate technical and engineering feasibility), if the scale

size is large enough. This scale size appears to be roughly 2-3 Mg/a

(enriched U-235 equivalent), which could provide make-up fuel to CANDU

reactors generating 24-36 GH(e).



Table 10.3. Capital cost data from American studies of hybrid fusion-fission breeders which generate
fissile material and net energy (h>0). An allowed capital cost is calculated for each
breeder assuming that it supplies atake-up fuel to a CANDU system sized to use all of the
breeder fissile output.

Device1'2

Tandem Mirror

Tandem Mirror

Tandem Mirror

Standard Mirror

Tokamak

Tokamak

Laser

ICF

(B6)

(B7)

(B7)

(B8)

(B9)

(BIO)
(BID
(B12)

Fusion Power
MH

813

875

580

400

1180

218

200

690

Breeder Gross
Power, MW(e)

1800

1533

1500

1715

2250

740

535

1245

h

2.

1.

2.

2.

5.

3.

2.

3.

0

8

9

6

6

2

,6

8

h-PR

Net Breeder
Power, Mtf(e)

892

650

620

603

1600

480

400

817

Fissile Yield
Mg/year

2.92

2.32

1.85

2.0

2.41

1.27

1.3

1.81

U

Pu

Pu

Pu

Pu

Pu

Pu

Pu

Capital Cost3, 1981
Estimated Allowed

(E) (A)
109 $ 109 $

4.25

3.55

3.49

2.59

4.70

2.'-3

4.15

2.83

1.61

1.22

0.94

0.95

1.88

0.68

0.62

1.09

CAN $
Ratio
E/A

2.6

2.9

3.7

2.7

2.5

3.8

6.7

2.6

1. Reference is given in brackets.

2. ICF (Inertial Confinement Fusion) data applies to both laser and particle beam systems.

3. Escalation of 102 per year and $1.00 US » $1.15 CAN are assumed.
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The factor of 3 economic gap could be narrowed if the real

price of separated U-235 rose. An increase in the cost of electricity of

1 m$/(kW-h) srauld result if U Increased £0 132 $/g, which then raises the

allowed capital breeder costs by a factor of «3.5 st h=0 and by a factor

of 2 at the upper limit of Q-*».

It is interesting to estimate the tritium contribution that

the fission system could make to the breeder. At a production rate of

2.4 kCi/(MW(e).a)* a 12000 MW(e) CANDU system would generate 3000 g of T

per year or 8.2 g/day13. Table 10.4 gives the breeder tritium

requirements ana the estimated fissile fuel production ratios which would

be realized if the fission reactor tritium were fed to the breeder

thereby allowing tritium production in the blanket to be correspondingly

reduced. In the csse of the reference U-Th blanket, if the T breeding

ratio were reduced by a factor of 0.75 the fissile output could be

increased "21%, which in turn would proportionally increase the allowed

capital cost CB Pf.

In summary, the fusion fission hybrid breeder is uneconomic

at this time, estimated capital costs exceeding economically allowed

values by factors of 3 or more. The allowed capital cost depends

strongly on the cost of separated U-235 and on whether or not the breeder

generates net electrical energy. Within the constraints of the simple

model used here a factor of 3 increase in the price of U-235 would raise

the cost of electricity "1 m$/(kW.h) and more than double the maximum

allowed capital cost. Economic studies reported in the literature seem

to suggest that the minimum fissile output should be in the range of

2-3 Mg/a. Requirements on plasma gain Q and driver efficiency rijj do

not appear to be demanding.

*1 Ci - 3.7xlO10 Bq



Table 10.4. Tritium breeding requirements, comparison with tritium output from a 12000 MH(e)
CANDU system and potential impact on fissile breeding.

lanket

0-Th

Th

0

T required

32.5

50.9

26.8

31

49

25

» g/day
•00

.6

.8

.7

Fraction*: 8
h-0

25.3

16.2

30.7

.22/T

26

16

31

required, X
a

.0
-——

.5

.9

Revised breeding ratios
U-233 Pu-239

0.82

1.94

*A 12000 MH^CANDU reactor produces 8.22 g/day.



211

REFERENCES

1. AECL Laser Fusion Working Party, "A Review of the Prospects for

Laser Induced Thermonuclear Fusion", Atomic Energy of Canada

Limited, Report AECL-4840, July 1974.

2. From Ref. 3, p.141, the total capital costs of a 1000 MWe and a

638 MWe reactor (for 4 unit stations, excluding initial fuel

inventory) are 857.3 and 595.5 MS (1978$). With escalation of 10%

per year this gives A - 180 M$ and B - 0.96 M$/MWe.

3. "Data Base for a CANDU-PHW Operating on a Once-Through Natural

Uranium Cycle", INFCE/WG 8/CAN/DOC 2, Atomic Energy of Canada

Limited, Report AECL-6593, July 1979.

4. This charge for reprocessing and fabrication is extracted from data

given in Ref. 5, p.23, with the assumption that the burnup is

25 MW.d/kg and charge escalation is 10% per year.

5. "Data Base for a CANDU-PHW Operating on the Thorium Cycle",

INFCE/WG 8/ CAN/DOC 4, Atomic Energy of Canada United, Report

AECL-6595, July 1979.

6. J.D. Lee, "Tandem Mirror Fusion Fission Hybrid Studies", Lawrence

Livermore Laboratory Report UCRL-84108, April 1980.

7. J.D. Lee, D.L. Chapin and J.W.H. Chi, "Parametric Systems Analysis

for Tandem Mirror Hybrids", Lawrence Liveraore Laboratory, Report

UCRL-84248, paper presented at the Fourth ANS Topical Meeting on

the Technology of Controlled Nuclear Fusion, King of Prussia, PA,

October 1980.



212

8. D.J. Bender, editor, "Reference Design for a Standard Mirror Hybrid

Reactor, joint report by Lawrence Livermore Laboratory and General

Atomic Company, UCRL-52478, May 1978.

9. "Status Report on the Conceptual Design of a Commercial Tokamak

Hybrid Reactor (CTHR)", Westlnghouse Fusion Power Systems Report

WFPS-TME-79-022, September 1979.

10. D.L. Jassby and J.D. Lee, "Counter Streaming-ion-tokamak Fissile

Breeder", Proceedings of the US-USSR Symposium on Fusion-Fission

Reactors, CONF-760733, July 1976, p.81.

11. J.A. Maniscalco, "A Conceptual Design Study for a Laser Fusion

Hybrid", ibid., p.177.

12. R.P. Rose, "Fusion Hybrid Parametric Studies to Assess Potential

Utility Applications", Westinghouse Electric Corporation paper

presented at the Fourth ANS Topical Meeting on the Technology of

Controlled Nuclear Fusion, King of Prussia, PA, October 1980.

13. W.J. Holtslander, T.S. Drolet and R.V. Osborne, "Recovery of

Tritium from CANDU Reactors, Its Storage and Monitoring of Its

Migration In the Environment", Atomic Energy of Canada Limited,

Report AECL-6S44, July 1979.



213

11. SUMMARY AND CONCLUSIONS

This study has been directed to the consideration of fusion-

based fissile fuel breeders to be operated in symbiosis with CANDU

reactors, their primary function being to supply the make-up fissile fuel

requirements of CANOU reactors operating on the thorium cycle.

The worldwide efforts in fusion have been and are concentrated

on the research aspect of the problem, namely the achievement in the

laboratory of a set of controlled physical conditions such that the DT

fusion reaction occurs with a Q = 1, i.e. the demonstration of scientific

breakeven. The tokamak design of magnetic confinement fusion device has

operated at conditions corresponding to a DT reaction Q of 0.02. There is

confidence throughout the fusion community that the Tokamak Fusion Test

Reactor (TFTR) nearing completion at the Princeton Plasma Physics

Laboratory will demonstrate successful operation at a Q of 1 in the mid

1980's.

Recent conceptual advances in magnetic mirror design raise the

possibility that tandem mirror reactors may be capable of operation at Q

» 1 and hence be competitive with tokamak type reactors. Work on an

experimental demonstration of the use of electrostatic potential wells

to confine plasma ions in the central reaction cell of the tandem mirror

device is only beginning. While it is premature to judge the viability of

the tandem mirror as a fusion power source its several attractive features

warrant careful monitoring of developments in this field.
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The other magnetic confinement concepts reviewed are in such an

early stage of development and have such limited resources devoted to

their study that devices based on them cannot be regarded as candidates

for the fusion source in power-related applications at this time.

Inertial confinement fusion studies directed toward controlled

energy sources are a relatively recent undertaking with experimental

studies having started only in tha late 1960's. They seek to apply the

implosion driven fusion process used in thermonuclear weapons to tiny

pellets which, while releasing energy in an explosive reaction will do so

in a sufficiently small amount that the explosive forces can be dissipated

non-destructively within a reactor vessel. The four types of drivers con-

sidered in this study are laser, electron, light ion (from pulsed power

sources), and heavy ion beams. To date only laser beams and electron

beams have been used for pellet implosion experiments. The laser driven

implosion experiments made with 10 nm and 1 ym wavelength light have

run into difficulty due to a large amount of resonance absorption at light

intensities » 10 1 3 W/cm2. This collective absorption mechanism

generates fast electrons which have sufficient range to reach and preheat

the DT fuel, thereby reducing the compressed densities attainable and the

pellet gain. Light absorption experiments currently being conducted using

frequency doubled and frequency tripled Nd laser light, 0.53 nm and 0.35

nm, confirm that the contribution from resonance absorption decreases

significantly with decreasing wavelength. It remains to be shown, how-

ever, whether implosions driven with 0.35 nm laser light will produce the

compressed fuel densities of ^ 3 x 10^5 nuclei/cm3 required for

significant energy gain. A generic shortcoming of lasers as ICF drivers
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arises from their relatively low energy conversion efficiencies. The best

candidate for the UV laser driver appears at present to be the KrF laser

used in conjunction with a Raman pulse compression amplifier. The pro-

jected efficiency of the combination is ^ 1095 and compares unfavourably

with the projected 30-50% efficiencies of particle beam drivers.

The use of e-beam drivers for ICF is complicated by preheat

problems arising from bremsstrahiung generated by the £ 1 MeV electrons and

by problems in transmitting well-focussed very high current electron beams

onto a small target placed some metres from the accelerator. Following

the successful demonstration that the relatively inexpensive pulsed power

e-beam technology can efficiently generate light ion beams, the major

thrust ot the U.S. program was switched to light ions. While the beam

transmission problems for light ions are inherently less severe than for

electrons, the currently envisaged solution to the beam transport problem

rests on concepts and technologies whose practicality remain to be demon-

strated. Light ion beam-pellet experiments are planned to start this year

and an accelerator delivering 3.5 MJ pulses at a peak power of 100 TW,

believed to be sufficient to achieve Q = 1, will be available in 1985. A

period of rapid developments in light ion fusion is therefore expected

during the present decade.

Heavy ion beams from accelerators of types now used in high

energy physics facilities have favourable properties for an ICF driver.

The beam pellet interaction is believed to be well understood theoreti-

cally and is favourable. The accelerator technology is well proven and

can be confidently engineered,and in the high repetition rate, high power
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version demanded by an ICF power source application. The beam transmission

problem should be most tractable in this heavy ion case but uncertainties

are such that an experimental demonstration is required. The conventional

accelerator technology involved is relatively expensive and to date no

country has committed significant funds to an experimental heavy ion

fusion diagram.

While the tokamak has yet to be operated under reactor-like con-

ditions, its demonstrated performance surpasses that of any alternative by

orders of magnitude. It is for this reason that plans for the reactor

development phase of the U.S. and other fusion programs centre on this

device despite some unattractive features. The tokamak is inherently a

pulsed device whose design must accommodate thermal and magnetic field

cycling stresses. Secondly the toroidal geometry of the tokamak does not

lend itself to simple breeding blanket geometries and access to the

okamak components will be awkward in a tokamak based breeder. The tandem

mirror is seen to be favourable from both standpoints. The ICF concepts

are particularly attractive from a geometric standpoint, since the driver

mechanism can be, and indeed of necessity will be, isolated from the

reactor itself greatly simplifying maintenance considerations.

As discussed in Section 7, the first-wall behaviour presents

challenges at both the physics level and the power engineering level. The

physics aspects have strong impact on the performance of magnetic con-

finement devices and progress In dealing with these problems is reflected

in recent advances 1n tokamak performance. It must be recognized, how-

ever, that some of the techniques which are now being used to overcome

first-wall problems are not suited to quasi-cw reactor operation. A major
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effort wi l l be required to develop practical engineering solutions to the

many first-wall problems anticipated in power reactors.

One of the major engineering problems to be solved in the

development of a fusion neutron source/power reactor is that of breeding

and handling the tr i t ium. Significant effort is presently directed to the

problem of recovering and purifying unburnt trit ium from the reactor

exhaust. The breeding problem i tsel f and the recovery of the trit ium from

the breeding blanket, however, pose a major problem which has yet to be

addressed experimentally.

The allowed capital expenditure for the fusion-fission breeder

has been estimated by comparing the capital, fuel reprocessing, and make-

up fuel costs (93% enriched 235u) for a stand-alone reactor with the

capital and fuel reprocessing costs of a similar CANDU reactor operated on

the make-up fuel produced by the fusion-fission breeder and sized such

that the net electrical output of the combined reactor-breeder system is

the same as that of the stand-alone reactor. Using $48/g as the value of

93% enriched 235^ a 10% rate of interest, and a 30 -year amortization

period the model gives allowed capital costs for the fusion-fission

breeder which are in the range from 0.4 to 1.5 $/W (e) of gross electrical

output of the breeder with the range arising from choices in breeder

blanket properties and from various assumptions concerning breeder

operating efficiency (see Tables 10.1 and 10.2). The estimated capital

costs of fusion-fission breeders exceed the allowed capital cost estimates

of the present model by a factor of about 3 (results of seven studies fal l

in the range 2.5-3.8 and one indicates 6.7, see Table 10.3). The allowed

capital expenditure wi l l increase with any real ( i .e . non-inflationary)
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increase in the value of the alternative make-up fuel, 235(j. j n e

allowed capital expenditures approach the estimated capital costs of the

most favourable systems at an enriched 2 3 5U price of 140 $/g. it is

noted that such an increase in the cost of 235JJ increases the cost of

electricity by only 1 m$/(klWi),

The calculations indicate that a Th blanket is preferred for the

breeder if capital costs are dominated by factors related to the gross

thermal power output. A U blanket is favoured if capital costs are domi-

nated by the costs of the fusion neutron source. The U blanket provides

significantly more fissile fuel output and significantly more energy out-

put per fusion source neutron than do the Th and Th-U blankets.

The radiological hazards associated with the fusion-fission

breeders considered here differ from those of a fission reactor in several

ways, the most significant being that the device operates far below criti-

cality. The fission product production and inventory can be kept rela-

tively low by adopting a fission suppressed blanket. On the other hand

the amount of tritium handling will be much greater for the fusion-fission

breeder than for a fission reactor of equal thermal power. The radio-

logical aspects are certain to receive public scrutiny and become a

subject of controversy as implementation approaches.

While the possibility exists that irradiated reactor fuel

elements can be transferred directly from the breeder to the fission

reactor, it is more probable that reprocessing and fuel fabrication steps

will be required. For this reason, and because of the strategic nature of

the tritium, it is certain that the fusion-fission breeder facility will

have to satisfy non-proliferation safeguard requirements similar to those
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applied ta fission reactors. Development and operation of any fusion

reactor based on an ICF design is l ikely to suffer from even more

restr ict ive security requirements because of the relationship of ICF con-

cepts to thermonuclear weapon design and test.

With regard to the Canadian fusion picture specif ical ly, the

above analysis would support the Varennes Tokarcak program inasmuch as

tokaraak technology now appearsto be most l ikely to achieve scienti f ic

proof of principle earl iest. Expertise gained in that program would be of

great value in construction of a tokamak fusion breeder and covers many

areas which remain highly relevant even i f another system were eventually

to be favoured for commercial development. One notes that the relative

attractiveness of the various f ields has tended to fluctuate as R4D

proceeds so that in a few years time, the order: tokamaks f i r s t , tandem

mirror second, inert ia l confinement th i rd , might be supplanted by another

ordering. Of the latter two systems, at present Canada has almost no

first-hand experience relevant to mirror technology but has considerable

expertise in high power lasers and in diagnostics for inert ial

confinement. I t would seem,therefore, that inert ia l confinement should be

pursued with some vigour to maintain and expand the country's scient i f ic

base in that area while at the same time i t would seem prudent to do

rather more than merely watch developments in mirrors. The connection to

weapons design and testing, unique to inert ial confinement, may eventually

provide a road block to fu l l development of this f ie ld in Canada.
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it i<= abundantly clear that Canada would have great difficulty

in building a commercial fusion breeder using its own resources alone. In

due course an international collaboration would almost certainly have to

be joined to construct a full scale prototype.

Since the technology required to harness fusion is considerably

more complex than that for fission the capital costs projected for

stand-alone fusion reactors tend to exceed those of fission reactors of

comparable electrical output. Capital costs dominate the electrical costs

in both cases with fuel costs almost "negligible". On the other hand, as

a breeder, the capital costs of fusion contribute to electrical costs only

through the fissile fuel cost. For this reason, and also because the

fusion breeder, being isolated from the grid by fuel reprocessing and

storage, need not achieve as high standards of reliability as systems

feeding the grid directly, it (the breeder) is likely to reach commercial

viability earlier than stand-alone fusion systems.

Because of the large high-technology component in fusion systems

the evolution from proof of principle to a fully engineered system ready

for use by a utility is almost certainly going to be more protracted than

that for fission which occupied some 30 years. Moreover, the level of

operator training required to ensure safe and smooth opetdtion of a fusion

breeder would seem to greatly exceed that of a fission reactor.

Reliability questions have scarcely been addressed in fusion concepts to

date. On this basis it seems unlikely that commercial exploitation of

the fusion breeder can be achieyed in less than 30 years.
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